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CHAPTER I 
INTRODUCTION 

INTRODUCTION 
The transparency and refractive power of the 
normal lens Is achieved by the regular arrangement 
and by the high concentration and supramoleoular 
organization of lens-specific proteins, the 
crystallina All vertebrate lenses have a similar 
cellular structure. Epithelial cells from the sub-
capsular monolayer differentiate to long fiber 
cells which pack hexagonally in spherical laminae 
(Flg.1). 
A lens contains approximately 35Ï by weight of 
structural proteins, which can be divided into 
three groups according to their solubility in dif-
ferent solvents (Fig.2). Crystallina account for 
90Í of the water-soluble proteins of the lens 
(1,2). They have been studied for many decades for 
a number of reasons: 
- Elucidation of the three-dimensional structure 
and supramoleoular organization can give a 
better understanding of the mechanisms which are 
responsible for the transparency and refractive 
power of the lens. Changes in crystallin syn-
thesis (3) and structure (4-7) have been ob-
served during cataract formation and aging. 
- The crystallins are highly conserved proteins 
(8) rendering them very Interesting from an evo-
lutionary viewpoint. Comparison of amino acid 
sequences of homologous crystallins in evolu-
tionary distant species can be used to deduce 
i 
phylogenetic relationships that were formerly 
obscure (9,10). 
- The synthesis of the crystallins is time-
dependent and site-specific during lens develop-
ment (11), which makes them suitable for the 
study of lens-specific gene activation and cel-
lular differentiation. 
The crystallins can be subdivided into four 
classes: a-, $-, Ύ- and 6-crystalHns. The basis 
for the apparent heterogeneity among the crystal­
lins is unknown. Each crystallin is Immunologically 
distinct and consists of a family of related po­
lypeptides. 
a-crystallin is composed of two primary gene 
products αΑ2 and aB2 of Mr 20,000 which together 
with aAl and aBI (arisen by post-translational 
modification) associate to aggregates with an aver­
age Mr of 800,000 (14-16). Gene duplication may 
explain the 5711 amino acid sequence homology of aA2 
and aB2. 
The 0-cry3tallin3 are the most heterogeneous 
class and comprise approximately 50Í of vertebrate 
lens protein. Bovine B-crystallin subunits have a 
molecular weight between 23,000 and 33,000 and are 
organized in dlmers and trlmers (B ) or higher ag-
L 
gregates (B ) (17) except for the fls subunlt which 
Η 
is monomer1c (18). There exist at least seven pri­
mary gene products in bovine B-crystallin, which 
exhibit 40% or more sequence homology (19,20). This 
diversity in θ subunits has also been found in the 
chicken lens (21 ). 
The Ύ-crystalllns which contribute about ΊΟΪ of 
the total protein mass in rat and mouse lens 
(22,23), are monomeric and have a Mr of about 
20,000 (24,25). In bovine and rat lens at least 
five closely related gene products for the Y-
crystallins have been Identified (26,27). 
The e-oryatalllna differ from the others by be­
ing confined to birds and reptiles. In chicken na­
tive e-crystallln has an Mr of 200,000 and consists 
of four subunits, which are very similar and differ 
slightly in Mr (48,000 and 50,000) (12,13). 
The B" and Y-crystallins form a superfamily of 
related proteins with a distant homology, which are 
probably derived from a common ancestral gene 
(19,28,29). By contrast the a- and «-crystallins do 
not appear to be related to each other or to the 
B/Y-family. 
Little is known about the conformation and in­
termolecular Interactions of the crystallins which 
give rise to the supramoleoular organization within 
the fiber cells of the lens. However, the three-
dimensional structure of a bovine Y-crystallin has 
been determined by X-ray analysis (30). Interactive 
computer graphics of murine 823 based on this model 
was used to construct a three-dimensional model for 
823 (31). A common model for the 8" and Y-
crystallins has been derived from these investiga­
tions. These crystallins are built up of two 
domains with considerable sequence similarity sug­
gesting an Intragenic duplication in the ancestral 
gene of these proteins. It is supposed that two 
internal gene duplication events yielded four simi­
lar protein domains, each having a three-
dimensional structure that resembles a "Greek key 
motif1' (Fig.3). 
The main difference between the B" and Ύ-
crystallins is that B-chains have an N-termlnal ex­
tension, which may be Involved in the diraer forma-
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Figure 1. Schematic drawing of the vertebrate eye 
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Figure 2. Fractionation of lens fiber cells into 
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Figure Ц. Gene structures of representatives of 
each crystallin family: otA (from 56), aB (from 57), 
023 (from 31), Ύ3-1 (from H8), δ (from 59). Exons 
are indicated by numbered boxes. The open box in 
the αΑ gene is the exon encoding the insert peptide 
in the aAIns chain. 
tion (32). The absence of such an extension at the 
N-terminus may explain the monomeric form of the 
ï-crystalllns and perhaps also of the ßs subunit. 
As mentioned before the supramolecular organiza-
tion within the fiber cells is still a mystery. 
Part of the crystallins (aA and ßBI) exist in close 
association with the plasma membrane (33,34). 
Another group of structural proteins which play 
an important role in the realization of cell shape 
in general and particularly in the elongated lens 
fiber cells are the cytoskeletal proteins. These 
water-insoluble proteins are found in the urea-
soluble lens protein fraction (Fig.2). Three types 
of cytoskeletal structures have been identified in 
eukaryotlc cells, which can be classified in three 
groups by immunological and biochemical properties 
and by their size: 
1. mlorofllaments (5nm) 
2. microtubules (25 nm) 
3. intermediate-sized filaments (IF) (7-11 nm). 
The IF can be divided into five groups, each relat-
ed to certain cell and tissue types (35,36): 
- cytokeratins: epithelial cells 
- vimentin : mesenchymally derived cells 
- desmln : muscle cells 
- neurofilament proteins : neurons 
- glial filament acidic protein : astrocytes 
Viaentln is expressed in lens cells despite 
their epithelial origin and also in nearly all cul-
tured cell lines (37). All proteins of IF must 
have several common properties because they form 
filamentous structures with similar morphological 
characteristics (38,39). A general model for the IF 
proteins consists of two constant α helical 
domains, equal in length and separated by a nonhel-
ical domain of variable size. The IF protein In the 
eye lens was found to be associated with the plasma 
membrane (40). 
Lens research is no longer focused on protein 
structure, subunlt composition and biosynthesis but 
the most rapidly developing area in this field is 
currently the cloning and sequencing of the cry-
stallln cDNAs and genes, and investigating the 
mechanisms of regulation of expression at the gene 
level. Clones have been constructed for cDNAs of 
a-, B- and y-crystalllns of the rat lens (27), o-
and B-crystallin of the mouse (41,42), β-
crystalllns of the chicken (21 ) and a- and Y-
crystalllns of the frog (58,43). 
Characterization of the crystallln genes re­
vealed that each crystallln family has a distinct 
organization of introns and exons (Fig.4). 
The structure of the oA gene Is related to its 
expression pattern. In some rodents there are three 
a-crystallin polypeptides (44): aA2, aB2 and anoth­
er minor a-crystallin polypeptide, aAIns, which is 
identical to aA2 except for а 22 amino acid insert 
between residue 63 and 64 of the oA2 chain (45). 
The oA2 crystallln gene of these rodents generates 
both the oA2 and aAIns mRNAs by alternative splic­
ing (46). 
Characterization of 0- and Y-crystallin genes 
revealed that their organization could directly be 
related to the tertiairy structure of their pro­
teins (see above). Each of the four "Greek key" 
motifs of the $-polypeptlde is encoded by a 
separate exon (31). The Y-crystallin genes have 
lost the introns which separate the exons within 
each domain, but retained the central intron 
between the two domains. A small Intron has been 
inserted within the first exon of the Y-crystallln 
gene (48,49). The ß-crystalllns appear to be a 
dispersed gene family while the Y-crystalllns are 
linked on the human chromosome 2 (47). 
The two linked fi-crystallln genes are highly 
Interrupted by at least 17 introns in contrast to 
the other crystallln genes (50,51) and have a high 
degree of homology (52). 
Recently several isolated crystallln genes have 
been used to study tissue specific expression in 
general and the promotor activity of crystallln 
genes in particular (53-55). 
A BRIEF OUTLINE OF THIS THESIS 
In order to get further Insight into the still 
unknown genetic organization of oB- and some ß-
crystallins a cDNA bank has been constructed from 
bovine lens mRNAs (Chapter II and IV). Clones 
specific for aA-, aB-, and five different fl-
crystalllns have been isolated and the primary 
structure of the β subunits βΒ1 and β(Α1+Α3) has 
been derived from the DNA sequence of the 
corresponding cDNA clones. The complete primary 
structure of the monomeric ßs-crystallin has been 
determined by sequencing the ßs cDNA clone and the 
ßs mRNA (Chapter III). 
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Furthermore the complete aB-crystallln gene has 
been isolated from a recombinant bacteriophage λ 
library carrying hamster genomic DNA. After sub-
cloning further characterization was done by se­
quence analysis and chromosome mapping (Chapter 
IV). The specific bovine crystallin cDNA clones 
were used to study the evolution of the crystallin 
genes in the blind mammals mole and mole rat 
(Chapter V). The expression of the crystallin 
genes in these blind species was eximaned with the 
aid of specific polyclonal antibodies against the 
different classes of crystallins. 
The primary and secondary structure of the eye 
lens IF protein (vimentin) has been derived from 
the DNA sequence of a hamster lens vimentln cDNA 
clone (Chapter VI). 
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CHAPTER II 
BOVINE ß-CRYSTALLIN COMPLQ4ENTARY DNA CLONES 
J. Mol. Biol. (1984) 180, 457-472. 
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Bovine ß-Crystallin Complementary DNA Clones 
Alternating Proline/Alanine Sequence o f ßBl Subunit Originates from a 
Repetitive D N A Sequence 
Y V O N N E Q U A X - J E U K E N , C H R I S T E L J A N S S E N , W I M Q U A X 
R I C H A R D VAN D E N H E U V E L AND H A N S B L O E M E N D A L 
Department of Biochemistry, University of Nijmegen 
Geert Grooteplein Noord 21, 6525 EZ Nijmegen, The Netherlands 
(Received 31 May 1984, and in revised form 31 August 1984) 
A library of recombinant plasmids carrying complementary DNA sequences 
synthesized from bovine lens messenger RNAs was constructed. Clones coding for 
five different 0-crystallin subunits. ßBl, 0B3, 0Bp, 0s, jSA3 (and ßAl), were 
identified by means of hybridization selection, followed by one- and two-
dimensional gel electrophoresis of the translational products. Under rather 
stringent conditions each of these clones hybridizes with its corresponding mRNA 
and does not show significant cross-hybridization with mRNAs coding for other 
/f-crystallins, except in the case of the homologous 0A3 and ßAl-crystallins. The 
ßA3 and /?A1 subunits seem to be encoded by one mRNA using two different 
AUG codons as start position for translation. We have also determined the 
nucleotide sequence of а /Ш1-crystallin cDNA (pBL/ΦΙ) which enabled us to 
deduce the complete amino acid sequence of the protein. The /?B1 -crystallin, a 
characteristic component of the high molecular weight crystallin aggregate (/?H), is 
internally homologous both at DNA and protein level as has been reported for γ­
ατιά other /J-crystallins. This is in agreement with the idea that these proteins had 
a common ancestral precursor gene that internally duplicated. The G + C content 
of the coding sequence of /?B1 is very high: 67% overall and even 84-2% for the 
first 170 nucleotides, due to a remarkable non-random codon usage. A proline/ 
alanine repetition in the N-terminal domain of the protein is encoded by a 
repetitive "simple" DNA sequence. 
1. Introduction 
The crystallins are a group of evolut ionary highly conserved s t ructura l proteins, 
t h a t account for approximately 9 0 % of the water-soluble prote in fraction of the 
lens (Harding & Dilley, 1976; Bloemendal, 1977). These proteins represent 
favorable markers for the s t u d y of molecular evolution, aging and cellular 
differentiation (Bloemendal, 1981). There are four immunological ly dis t inct 
classes of crystallins called α, β, γ a n d δ. T h e 0-crystallins are the most 
heterogeneous class of the crystall ins and comprise a t least 5 0 % of the v e r t e b r a t e 
lens protein (Bloemendal, 1981; H a r d i n g & Dilley, 1976). Bovine /?-crystallin 
subunits have a molecular weight between 23,000 and 33,000 a n d are organized in 
0022-2836/84/350457-16 $03 00/0 © 1984 Academic Press Inc. (London) Ltd. 
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dimers and trimers (ßL) or higher aggregates (/?H) (Berbers et al., 1982). The 
diversity in /?-crystallin subunits has also been found at the messenger RNA level 
in the chicken lens (Hejtmancik & Piatigorsky, 1983). Partial amino acid 
sequences of six major subunits of bovine j3-crystallin (Berbers et al., 1984) 
showed, together with the previously established primary structure of /?Bp, the 
predominant /ï-crystallin (Driessen et al., 1981) that there exists at least seven 
primary gene products in bovine /?-crystallin which exhibit 40% or more sequence 
homology. 
The protein structure of a major murine Д-crystallin polypeptide (/J23) has been 
derived from complementary DNA and genomic DNA analysis (Inana et al., 
1982,1983). Direct amino acid sequence determination of the y-crystallins of calf 
(Croft, 1972; Slingsby & Croft, 1978) and predictions from cDNA sequences for rat 
(Moormann et al., 1982) and frog y-crystallins (Tomarev et al., 1982) have shown a 
distant homology between β- and y-crystallins suggesting that β- and y-crystallins 
are derived from a common ancestral gene (Driessen et al., 1980,1981; Wistow 
et al., 1981). The β- and y-crystallins are built up of two domains, which show 
sequence homology, suggesting an intragenic duplication in the ancestral gene of 
these proteins (Blundell et al., 1981; Wistow et al., 1981). Although much is known 
about the /i-orystallin populations such as subunit composition, biosynthesis and 
structure, little is known about the structure of the corresponding mRNAs and 
the organization and regulation at the gene level. In order to obtain further 
insight into the structure and expression of /?-crystallins it is desirable to have 
available cloned cDNA probes. Since, in particular, bovine /?-crystallin subunits 
have been studied in detail at the protein level we decided to clone crystallin 
mRNAs from this source. DNA cloning provides the tools for direct analysis of 
mRNA and gene sequences. 
In the present study we have isolated cDNA clones of five different j3-crystallin 
mRNAs of the bovine lens. One of these has been used to study another 
remarkable feature, which had our interest: the highly basic /ï-crystallin /Ш1. This 
chain has the same domain structure as observed for other β- and y-crystallin 
polypeptides. Nevertheless, as compared to the other β subunits it possesses a 
very long N-terminal extension, which contains a remarkable repeated proline/ 
alanine seqiience which might be important for association with the lens plasma 
membrane (Bloemendal et al., 1982). 
In order to get insight into the genetic organization of this particular 
/?-crystallin we determined the nucleotide sequence of its complete cDNA. I t 
appears that a "simple" repetitive DNA sequence is responsible for the 
proline + alanine-rich domain in the N-terminal extension of the polypeptide. 
2. Materials and Methods 
(a) Isolation and in vitro translation of bovine lens mRNAs 
Isolation of total cellular RNA from bovine lenses and preparation of poly(A)-containing 
RNA was essentially as described (Cohen et al., 1978; Palmiter, 1974). Total lens poly(A) + 
RNA and hybrid-selected RNA (see below) were translated in vitro in a rabbit reticulocyte 
cell-free system and the synthesized products were analyzed by one- and 2-dimensional gel 
electrophoresis, using a pH range of 3-5 to 9 in the first dimension. 
20 
BOVINE 0-CRYSTALLIN cDNA CLONES 
(b) Cloning of bovine lens mRNAs 
Double-stranded cDNA was prepared froni 10^g of calf lens poly(A)+ RNA following 
the procedure of Wickens et al. (1978). The first strand was synthesized at 42°C for 30 min 
using 600 units reverse transcriptase (RT)/ml; after 30 min again 600 units RT/ml were 
added. After heating at 100°C for 5 min the second strand was synthesized at 420C for 1 h 
using 400 units RT/ml and for 2 h, at 150C with 25 units DNA polymerase I/ml (nuclease-
free). At the end of the reaction the cDNA was precipitated with ethanol. S 1 nuclease 
digestion was performed with 20 units S, nuclease/ml (BRL) at 370C for 30 min. The 
double-stranded cDNA was size-fractionated on a 3-5% (w/v) Polyacrylamide gel with a 
pBR322/#i'nfI digestion as marker. cDNA larger than 0-6 kbf was recovered from the gel 
by electro-elution and used for tailing. Double-stranded cDNA and Psil-digested plasmid 
pBR322 were tailed with oligo(dC) and oligo(dG), respectively (average length 20 and 25 
nucleotides) using terminal transferase according to the method of Peacock et al. (1981). 
The tailed vector and cDNA were mixed in a ratio of 2 : 1 in 125 тм-NaCl, 
10 тм-Tris · HCl (pH 7-5), 10 тм-EDTA at a concentration of 3 /ig DNA/ml and allowed to 
anneal for 2 h at 57CC, followed by gradually cooling down to 42CC. The hybrid DNA 
molecules were used to transform Escherichia coli HB101 cells. Colonies that were 
tetracycline-resistant and ampicillin-sensitive were picked out and transferred to agar 
plates in an ordered manner. 
(c) Screening of recombinant donee 
100 colonies grown on agar plates were picked at random and grown in 5 ml L-broth with 
tetracycline followed by a rapid plasmid isolation (Maniatis et al., 1982). 1 μg of plasmid 
DNA was bound to nitrocellulose filters (0-5 cm χ 1 cm) according to Ricciardi et al. 
(1979). The filters were prehybridized for 2 h at 50oC in 50% (v/v) formamide, 0-4 м-NaCl, 
10 т м - P I P E S (pH 6-4), 4 тм-EDTA, 100/ig poly(A)/ml. Hybridization took place for 3 h 
with a temperature gradient from 58°C to 460C (a decrease of 3 deg. every 30 min) in the 
same buffer complemented with 30 μg bovine lens poly(A)+ RNA/ml. The filters were 
washed once with hybridization mix for 30 min at 53°C, 5 times 1 min with 1 χ SSC, 0-5% 
sodium dodecyl sulfate at room temperature, 5 times 1 min 0·1 χ SSC, 0 1 % SDS at 55°C 
and twice for 1 min in 10 тм-Tris-HCl, 1 тм-EDTA at 550C (SSC is 015M-NaCl, 
0-015 M-sodium citrate, pH 70). The hybridized RNA was released by heating the filters in 
100 μ\ water for 1-25 min at 100oC and recovered by precipitation with ethanol in the 
presence of 1 /ig transfer RNA. 
(d) Gel electrophoresis of RNA and filter hybridization 
Total poly(A)+ RNA (0-3 /ig) was treated with glyoxal as described by McMaster & 
Carmichael (1977). The denatured RNA was electrophoresed on 1-5% agarose gels and 
transferred to nitrocellulose filters according to the method of Thomas (1980). 
Prehybridization of the filters was for 4 h at 42°C in 50% formamide, 5 x SSC, 
3 χ Denhardt's solution, 5 тм-EDTA, 0 1 % SDS, 100 /ig denatured salmon sperm DNA/ml 
and hybridization was performed for 18 h at 42°C in a solution with the same composition 
as used for prehybridization (Wahl et ai, 1979) with IO8 to 3 x IO8 cts/min per /ig nick-
translated P-labeled plasmid DNA (Maniatis et al., 1982). The hybridized filters were 
washed extensively in 2 χ SSC, 0-5% SDS at room temperature and twice in 0 1 χ SSC, 
0-2% SDS at 60oC for 30 min. The gels carried as markers pBR322 digested with Alul or 
Hinfl, treated with glyoxal in the same manner as the RNA. 
(e) DNA sequence analysis 
The insert of the cDNA clone of ßBl (pBLßBl) (2 Pati fragments) and the DNA 
fragments resulting from digestion of the insert with TaqI, <SOM3A or Haellï were 
t Abbreviations used: kb, 103 bases or base-pairs; SDS, sodium dodecyl sulfate. 
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subcloned in M13 Mp8 and Мр9 vectors and grown in JM103 rec(A~) (Messing et al., 1981). 
Single-stranded DNAs from recombinant bacteriophages were sequenced by the dideoxy 
method as described (Sanger et al., 1980). Both DNA strands were sequenced completely. 
For pBL/?Al(l+3) appropriate £V,oRI and Pstl fragments were subcloned and 
sequenced. Computer programs were used to record, edit and translate the DNA sequences 
(Staden, 1977) and for the dot-matrix analysis (Staden, 1982). 
3. Results 
(a) Identification of bovine crystallin clones 
Polyadenylated mRNA was isolated by oligo(dT)-cellulose chromatography of 
polysomal RNA from 500 lenses of three to six months-old calves. Double-
stranded cDNA copies were made of the mRNA and pieces of 0-6 kb or longer 
were annealed with the Pstl linearized bacterial plasmid pBR322 by the G · С 
tailing procedure. The annealed DNA was used to transform E. coli HB101. From 
approximately 2000 tetracycline-resistant colonies, 97% were ampicillin-sensitive, 
indicating that they carried recombinant plasmids. Since in vitro translation of 
bovine lens mRNA showed that the crystallin messengers, especially the 
/?-crystalIin mRNAs, represent the most abundant population of this tissue 
(Bloemendal, 1981; Harding & Dilley, 1976), 100 of the recombinant clones were 
picked up at random and examined by the hybridization selection assay. Plasmid 
DNA was bound to nitrocellulose filters and hybridized to bovine lens poly(A) + 
RNA. The hybridized RNA was recovered and translated in vitro in a rabbit 
reticulocyte lysate system. The polypeptides synthesized in vitro were analyzed 
by SDS/polyacrylamide gel electrophoresis and fluorography. Figure 1 shows the 
result of such an experiment. Lane f presents the products of the initial total 
poly(A)+ RNA. Lanes a to e contain the translation products of mRNAs 
specifically hybridized to plasmids рВЬ/Ші, pBL/ÎB3, pBL/ЗВр, pBL/3A(l+3) 
and pBL/Js, respectively, demonstrating that these plasmids contained cDNA 
inserts complementary to the corresponding crystallin mRNAs. From the clones 
tested 40% contained /?-crystallin cDNA sequences. Tn spite of a 40% or more 
sequence homology in amino acid sequences of the ^-crystallin subunits (Berbers 
et al., 1984) each of our cDNA clones was specific for its corresponding crystallin 
mRNA and under the rather stringent washing conditions used, showed almost no 
cross-hybridization with other ß-crystallin mRNAs. Only after overexposing the 
gels faint bands with the molecular weight of /?B1 were seen in all lanes, also in 
those with non-/?-crystallin clones (data not shown). This possibly results from 
cross-hybridization of the C-rich region of /Ш1 mRNA (see below) with the 
synthetic poly(G) tails present in all clones. For further identification of the 
^-crystallin clones the translational product of each clone was characterized in 
two-dimensional gel co-electrophoresis with the soluble protein fraction of bovine 
lens. Figure 2(a) presents one of these gels stained with Coomassie blue, showing 
the migration of the bovine crystallins used as markers. Figure 2(b) is a 
diagrammatic scheme of the positions of the /3-crystallin subunits. Figure 2(c) to 
(f) shows the products synthesized in vitro from the mRNAs selected by the 
specific с DNA clone indicated in the right upper corner of each panel. These data 
demonstrate that each clone gives rise to the synthesis of a single polypeptide 
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FIG 1 Identification of clones containing crystallin cDNA sequences by hybridization selection 
0 5 μ£ of plasmid DNA was bound to nitrocellulose filters and hybridized with polj(A)+ RNA from 
bovine lens cells The RNA hybridized was eluted by boiling the water precipitated in ethanol and 
translated m vitro [35S]methionine-labeled translation products were analyzed on SDS/13 o 0 
Polyacrylamide gels and visualized by fluorography Lanes a to e, translational products of mRNAs 
hybridized to DNA from plasmids (a) pHLjSBl, (b) pBL/ШЗ, (c) pBLßßp (d) pBL/?A(l +3). 
(e) pBL/?s Lane f, translational products of total poly(A)+ RNA from bovine lens cells, e с 
endogenous component of the m vitro translation system 
with the exception of clone pBL/ÎA(l +3) (Fig. 2(g)) which leads to the production 
of both /?A3 and /?A1. Since both chains seem to be completely identical, apart 
from the fact that the /?A3 chain is 17 residues longer than /?A1 at the N-terminus 
(Berbers et al., 1984) such cross-hybridization is not unexpected. As can be seen 
the /7s subunit migrates as a doublet in the one-dimensional gel, but after two-
dimensional gel electrophoresis only one spot can be detected. This phenomenon, 
which was reported earlier for this subunit (Bloemendal & Zweers, 1976) is an 
additional identification for this clone. 
(b) Sizes of bovine lens β-crystallin mRNAs 
The sizes of the ^-crystallin mRNAs corresponding to the cloned cDNAs were 
determined by RNA blot analysis. Lens poly(A)+ RNA was treated with glyoxal, 
electrophoresed on agarose gels and transferred to nitrocellulose filters (McMaster 
& Carmichael, 1977; Thomas, 1980). The filters were cut into strips and each strip 
was hybridized with the specific 3 2P-labeled, nick-translated cDNA clones. The 
hybridized RNA bands were visualized by autoradiography (Fig. 3) and the 
molecular weights were calculated using рВВ322/ЯшП and pBR322/^4¿uI 
digestions (treated with glyoxal) as reference molecules in co-electrophoresis. The 
mRNA sizes estimated are summarized in Table 1. The amount of coding 
sequence present in each mRNA was derived from known amino acid sequences or 
molecular weights (Berbers et al., 1982; Driessen et al., 1981). The non-coding 
regions (5' plus 3') of all /?-crystallin mRNAs are almost of the same size, 
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approximately 300 base-pairs including the poly(A) tails. These RNA blot 
experiments again confirmed that each of our cDNA clones hybridized very 
specifically with its corresponding mRNA. No cross-hybridization could be 
detected with other mRNAs, even after prolonged exposure of the 
autoradiographs. 
(c) Nucleotide sequence of pBLßBl and primary structure of βΒΊ 
The nucleotide sequence of the cloned cDNA in pBL/fBl was determined using 
M13 subclones of Saw3A, Taql and HaelU fragments of the insert. Both strands 
of the cDNA were sequenced. The nucleotide sequence of the sense strand (mRNA 
sequence) and its translated amino acid sequence are shown in Figure 4. The 
nucleotide sequence is 860 residues long excluding poly(A) and G-C tails; 759 
nucleotides correspond to the coding region and 85 residues correspond to the 3' 
untranslated region. A poly(A)-addition signal A-A-T-A-A-A (Proudfoot & 
Brownlee, 1976), starts at residue 842. The residual A-track is followed by 20 to 
22 С residues, originating from the cloning procedure (not shown). 
The amino acid sequence of the /?B1 polypeptide encoded in pBLßBl was 
deduced from the nucleotide sequence (Fig. 4). The total coding sequence of 253 
amino acids is present in our clone. Comparison of this deduced amino acid 
sequence of the cDNA with the already reported partial sequence of bovine /?B1 
(Berbers et al., 1984) shows a few differences: at position 51, where an additional 
alanine residue is encoded in the cDNA and at position 147 where another alanine 
is derived from our sequence instead of the reported serine residue, possibly as a 
result of a polymorphism at the DNA level (a Τ might have been substituted by a 
G). The cDNA has been sequenced on both strands so it is most likely that our 
derived amino acid sequence is correct in the case of the additional alanine residue 
at position 51. 
(d) Internal duplication of the βΒΙ cDNA 
A dot-matrix analysis comparing the nucleotide sequence with itself is shown in 
Figure 5. This type of analysis is very convenient to detect regions of homology. 
The computer places a dot at every position where defined stretches of the two 
DNAs compared (in this case the / töl cDNA sequence with itself) show a certain 
level of homology (Staden, 1982). The expected 45° diagonal line can be seen, but 
in addition a clear parallel line is present halfway between the perfect homology 
FIG 2. Characterization by 2-dimensional gel electrophoresis of in vitro translation products 
obtained from RNA isolated by the hybridization selection procedure. In vitro translation assays were 
complemented with the water-soluble protein fraction of bovine lens and subjected to 2-dimensional 
gel electrophoresis followed by fluorography. (a) Coomassie blue stained gel. showing the bovine 
crystallins. (b) Schematic representation of the /î-crystallin polypeptides of bovine lens, (c) to (g) 
Fluorographs of gels showing the in vitro translation products of mRNAs hybridized to the specific 
plasmids indicated in the corresponding upper right hand corners. The asterisk gives the position of 
the endogenous component of the in vitro translation system Identification was accomplished by 
matching the fluorograph with the known "cold" pattern of the jS-crystallins (Berbers et al., 1982) run 
on the same gel IEF, isoelectric focussing 
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FIG. 3. Identification of mRNAs coding for bovine lens /î-crystallins. 0-5 μ% of bovine lens poly(A) + 
RNA was denatured with glyoxal, eleetrophoresed on 1-5% agarose gels and blotted onto 
nitrocellulose paper. The paper was cut into strips and each individual strip was hybridized against the 
cloned probes that had been labeled by nick-translation. Lane a, clone pBL/ÍBl; b, clone pBL/?B3; 
c, clone pBLjîBp; d, clone pBL)ÎA(l +3); e, clone pBLjßs. рВК322/ЯшЯ and рВК322/^/мІ digestions 
treated with glyoxal run in the same gel and used as molecular weight references are indicated on the 
right side of the Figure. 
TABLE 1 
Molecular sizes of ß-crystallin mRNAs and the corresponding proteins from bovine 
lens cells 
Chain J / r t mRNA length (bp) Coding region (bp) 
^Bl 33,000 1050 759Î 
/?B3 26,000 980 666§ 
^Bp 25,000 890 612§ 
ßAl 23,000
 q ] n ±59011 
) Ш 26,000 ±645| | 
^s 22,000 830 ±540| | 
Molecular sizes of the mRNAs were estimated from RNA blot hybridization experiments as 
presented in Fig. 3. As size markers pBR322/ffmfl and рВВ322/Л/мІ digestions were used. The sizes 
of the coding regions were either calculated from reported amino acid sequences (/ШЗ and /Шр) or 
estimated from molecular weights of the corresponding proteins {ßAl, β A3 and ßs). 
t Reported by Berbers et al. (1982). 
I From sequence of Fig. 4. 
§ Calculated from the reported amino acid sequence, /JB3 by Berbers et al. (1984), /ÍBp by Driessen 
et al. (1981). 
II Estimated from molecular weights of the proteins as reported by Berbers et al. (1982). 
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line and the corners of the matrix, which indicates the existence of an internal 
homology within this mRNA of the /?Ш subunit. Such an internal homology, a 
result of conservation of duplicated sequences has been reported for most 
/?-crystallins at the amino acid level (Driessen et al., 1980; Berbers et al., 1984; 
Inana et al., 1982). It is supposed that two internal gene duplication events 
yielded four similar protein domains each having a three-dimensional structure 
that resembles a Greek key motif (Blundell et al., 1981). We observe that the 
internal homology between motif I I and motif TV is higher than the homology 
between motif I and motif I I I . Furthermore, we see a cluster of short parallel 
stripes in the 5' part of the sequence, originating from a repeated simple DNA 
sequence (a C-C-C-G-C-C repetition). > 
(e) Comparison of bovine ßBl, a basic chain and mouse ß23, an acidic chain 
The bovine ^-crystalline can be divided into two groups according to their 
homology and presence or absence of a C-terminal extension (Berbers et al., 1984). 
One group comprising the more basic subunits /Ш1, /Шр and /?B3 with more than 
56% sequence homology at the protein level, is characterized by the presence of a 
C-terminal extension. The other group comprises the more acidic chains /?A1, ßA2, 
"s tar t codon" 
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GGCCCAGGCGGCAACqATgrCCCAGCCCGCGGCCAACGCCTCGGCCACCGCCGCCGTGAACrCAGGGCCCGACGGGAAGGGGAAGGCGGGCCCACCCCCAGGCÇÇÇGÇÇÇÇGGGATCCGG 
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GGAATTCTCCGGGGAGTGCTTGAACCTGGGAGACCGTGGCTTCGAACGAGTGCGCAGCATCATTGTCACCTCCGGACCCTGGGTCGCATTTGAGCAGTCCAACTTCCGGGGGGAGATGTT 
250 260 270 280 290 300 310 320 330 310 350 360 
Π 6 
V L E K G E Y P R W D T H S S S Y R S D R L M S F R P I K M D A Q E H K L C L F 
CGTCCTGGAGAAAGGCGAGTACCCACGCTGGGACACGTGGTCCAGCAGCTACCGCAGCGACCGGCTCATGTCCTTCCGGCCCATCAAGATGGATGCCCAGCAGCACAAGCTCTGCCTGTT 
370 380 390 100 K10 420 ІЗО Ί40 USO 460 170 180 
Í 5 6 
E G A N F K G N T M E I Q E D D V P S L W V Y G F C D R V G S V R V S S G T W V 
TGAAGGGGCCAACTTCAAAGGCAACACCATGGAGATCCAGGAGGATGATGTGCCCAGCCTCTGGGTCTATGGCTTCTGTGACCGCGTGGGCAGCGTGAGGGTrTCCAGCGGAACCTGGGT 
190 5 0 0 510 520 5 3 0 510 5 5 0 560 570 580 590 600 
19 6 
G Y Q Y P G Y R G Y Q Y L L F P G D F R H W N E W G A F Q P Q M Q A V R R L R D 
TGGCTACCAGTATCCCGGrTACCGTGGGTACCAGTACCTCCTGGAGCCTGGCGACTTCCGGCACTGGAACGAGTGGGGGGCCTTCCAGCCACAGATGCAGGCCGTGCGTCGGGTCCGTGA 
610 620 630 610 650 660 670 680 690 700 710 720 
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CCGGCAGTGGCATCGCGAAGGCTGTTTCCCCGTCCTGGCCGCCGAGCCGCCCAAGffGÂ)r.TCCACGCGCCACTCGTGTGGCCCGCCCTGCTGCAGGCTCATCGTCCCCACCTTCCCCATGC 
730 7 1 0 750 760 770 ^ 7 0 0 790 800 BIO 8 2 0 83О BIO 
Poly ( A ) 
A|AATAAA|AATTCCTGAAGCCAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 
850 860 870 880 890, 900 
Â 
Fio. 4. Sequence of the cDNA in pBL/ÎBl. The nucleotide sequence^and the deduced amino acid 
sequence of the sense strand of pBL/JBl are shown. G- and C-tails are'not shown. Sequence hyphens 
have been omitted for clarity 
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FIG. 5. Dot-matrix comparison of the nucleotide sequence of pBL/ШІ with itself. The sequence was 
compared by the diagon computer program (Staden, 1982). The span length for the compared 
stretches was 25 and the percentage score was 15. The 45° diagonal line represents the total homology 
line of pBL/?Bl with itself. The parallel lines (indicated by an arrow) show the existence of an internal 
homology within this sequence. The open bars indicate the coding sequence of the mRNA. The 
residual Α-track present in pBL/fßl is not included in this dot-matrix Figure. The Roman numerals 
represent the regions which encode the four Greek key motifs as reported for the protein structures of 
bovine yll (Blundell et al, 1981) and mouse 023 (Inana et al, 1983). 
j3A3 and /?A4, which have over 6 3 % homology and all lack a C-terminal arm. A 
sequence comparison clearly showed that mouse /923 crystallin (Inana et al., 
1982,1983) belongs to the latter category. In Figure 6 we have compared the /?B1 
nucleotide sequence of Figure 4 to the corresponding /?23 nucleotide sequence of 
the mouse cDNA clone pM/?Crl using a dot-matrix computer program. For this 
analysis the /?B1 nucleotide sequence is listed along the abscissa and the /?23 
sequence along the ordinate. There is a clear diagonal line indicated by an arrow 
(labeled a) demonstrating the homology of /fël and /?23 at the nucleotide level. 
The interruption at the position of motif I I I shows that this motif is much less 
conserved. The presence of lines that run parallel to the central diagonal marked 
by arrows (labeled b and c) demonstrates again that there are intramolecular 
duplications within these crystallin genes. The four similar protein domains 
resulting from these intramolecular duplications, the so-called Greek key motifs 
(see also Fig. 5), are indicated by Roman numerals. I t can be seen that especially 
motif IV of pBL/TBl resembles motif II of рМ/Юг! (arrow b). 
28 
B O V I N E 0 - C R Y S T A L L I N cDNA C L O N E S 
pBL/iB! 
y 
α. 
200 — 
400 — 
600 — 
200 400 
I I I I L 
600 
_ 1 _ 
ΘΟ0 
J L_ 
\ 
Η 
III IV 
\ , 
\ 
Fio 6 Dot-matrix computer comparison of ^Bl- and /?23-crystallm The nucleotide sequence of the 
bovine ^Bl cDNA clone (pBL/Ші) from Fig 4 is listed along the abscissa and the sequence of the 
mouse β23 cDNA clone (pM/JCrl, Inarm et al, 1982) along the ordinate The span length for the 
compared stretches was 25 and the percentage score was 15 The clear diagonal homology line is 
indicated by an arrow (a) The parallel lines indicated by arrows (labeled b and c) show the existence of 
internal homologies The open bars mark the coding sequences of the mRNAs The 4 similar protein 
domains resulting from 2 internal gene duplications are indicated by Roman numerals 
(f) The nucleotide sequence of bovine β(Α1 + Α3) and its comparison 
with mouse β23 
The nucleotide sequence of the cloned cDNA in pBL/?A(l+3) was determined 
by using M13 subclones of EcoRl fragments of the insert. The nucleotide sequence 
and derived amino acid sequence are shown in Figure 7. The sequence is 391 
residues long coding for the first 130 amino acids of the /JA3 chain and the first 
113 amino acids of the β Ai chain, which is identical to the /5A3 subunit but lacks 
the first 17 residues of the 0Α3 chain (Berbers et al., 1984). The coding sequence 
for amino acids 131 to 216 are not included in this clone. The two possible start 
positions for translation are indicated by arrows. The first AUG codon must be 
used to initiate the translation of the /?A3 chain, the second one could be a start 
position for the shorter /ÎA1 chain. 
Comparison of mouse ^23-crystallin with the sequences deduced from our 
oDNA clone pBL/}A(l+3) clearly shows that these crystallin genes are 
orthologous genes (Fitch & Margoliash, 1970) since both are almost identical. 
Surprisingly the first 15 amino acids of /?23 have no homology with β(ΑΙ +A3). 
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3 7 0 3 6 0 3 9 0 
TCATAAGGAGTCTAAGATTACAATTTTTGAG 
TCATAAAGAQTCTAAGATTACCAACTTCGAG 
H К Ë - ^ К î T\ I [F F 
H K E S K I T N F E 
JïïlAn !T2Che fhthe С Ш А 'A P ß L / , A ( 1 + 3 ) ^ T p a r l S O n 0 f o l h e п и с 1 е ° ^ е sequence and the deduced ammo add sequence of the bovme cDNA clone 
pBL/?A(l+3) with the correspondmg sequences of the mouse /?23-crystallm (Inana et al, 1982,1983) The homologous residues among the ammo acid 
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(g) С odori usage 
The nucleotide sequence of pBL/ÍBl shows some remarkable features. The G + C 
content is 66-9% overall. In the 170 nucleotides at the 5' end the G + C content is 
even higher, namely 84-2%. This is mainly the result of a simple DNA repeat with 
the consensus sequence C-C-C-G-C-C that is present in this region. As reported for 
other mRNAs (Hastings & Emerson, 1983) it appears that there is a non-random 
usage of synonymous codons for /ÎB1 as well. Particularly noteworthy is the 
marked preference for codons terminating in G or C. In Table 2 the frequency of 
use of each codon as revealed by the /Ш1 mRNA is indicated. 
4. Discussion 
Our present results show that we have obtained selective cDNA clones, which 
allow specific identification of the mRNAs coding for five different /?-crystallins: 
jffBp, /ïs, /9B3, ßA{\ +3) and 0B1. Clone pBL)5A(l +3) gives rise to the synthesis of 
two polypeptides namely /ÍA1 and /ÏA3. A similar situation, one clone directing 
the synthesis of two ß-crystallin subunits, has been reported for a chicken 
/?-crystallin cDNA clone (Hejtmancik & Piatigorsky, 1983) and a bovine 
/?-crystallin cDNA clone (Gorin & Horwitz, 1983). The ßAl and /ÎA3 chains are 
identical, apart from the presence in /?A3 of 17 additional amino acids at the 
N-terminus (Berbers et al., 1984). I t is very unlikely that /ÎA1 is a degradation 
product of /?A3, because both chains are simultaneously synthesized by calf lens 
mRNA in a cell-free translation system. Since in both molecules the amino 
terminal residue is a methionine (see Fig. 7 and Berbers et α/., 1984), it is possible 
that they are encoded by the same mRNA which uses two different AUG codons 
TABLE 2 
The frequency of use of each codon, as revealed by the ßBl crystallin mRNA from 
bovine lens 
Phe 
Leu 
He 
Met 
Val 
"UUU 
uuc 
"UUA 
UUG 
CUU 
cue 
CUA 
_CUG 
"AUU 
AUG 
AUA 
AUG 
"GUU 
GUC· 
GUA 
_GUG 
3 
о
 S e r 
1 
0 
; ρ -
8 
1 
I Thr 
6 
1 
I Aia 
8 
"UCU 
ucc 
UCA 
.UCG 
"ecu 
ccc 
CCA 
_CCG 
'ACU 
ACC 
АСА 
.ACG 
rocu 
GCC 
GCA 
_GCG 
0 
8 
0 
1 
2 
15 
6 
4 
0 
4 
0 
1 
0 
18 
1 
5 
Tyr 
Term 
His 
Gin 
Asn 
Lys 
Asp 
Glu 
"UAU 
UAC 
"UAA 
UAG 
"CAU 
_CAC 
"CAA 
CAG 
" AAU 
AAC 
"AAA 
. AAG 
"GAU 
GAC 
GAA 
GAG 
? Cys 
0 Term 
0 Trp 
1 
2 . 
о
 A r g 
13 
? Ser 
3 A 
7
 A r g 
3 
I Gly 
14 
"UGU 
UGC 
UGA 
UGG 
"CGU 
CGC 
CGA 
.CGG 
"AGU 
AGC 
AGA 
.AGG 
'GGU 
GGC 
GGA 
_GGG 
2 
2 
1 
8 
4 
6 
1 
7 
0 
8 
0 
1 
0 
14 
4 
8 
Term, termination. 
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as start position for translation. The phenomenon of more than one functional 
initiation site in eukaryotic mRNA has been reported (Bos et al., 1981; Jay et ai, 
1981). Experiments of Lomedico & McAndrew (1982) with in vitro mutagenesis of 
the rat insulin TI gene lend support to the notion that the structure surrounding 
the AUG codon, as well as its position relative to the 5' end of the mRNA are 
important in determining initiation efficiency. In fact the second AUG codon 
obeys the consensus surrounding sequence to function as initiation site (a purine 
at position + 4 and —3; Kozak, 1981). Other possibilities for the gene 
organization of the homologous ßAl and /JA3 subunits are for example: one 
primary transcript of one gene which might give rise by differential splicing to 
different mRNAs for both chains, or simply two different genes for these two 
subunits. In both latter cases there should be present two different mRNAs for 
the /?A1 and /?A3 chains. To test if there are two differently sized mRNAs which 
hybridize with pBL/ÎA(l+3) we used very long 2% glyoxal gels for mRNA 
separation, but even under these conditions we were not able to detect two 
mRNAs with a different size, favoring the idea of one mRNA with two functional 
initiation sites. Initiation at an AUG codon appears more efficient when this is the 
first AUG at the 5' end (Lomedico & McAndrew, 1982). This is consistent with 
our findings that the longer /}-subunit (/?A3) is synthesized to a higher extent than 
the smaller ßAl subunit (see Fig. 1, lane d). Remarkably the mouse counterpart 
of bovine /?(A1 + A3) does not give rise to two translation products. This is 
explained by the completely different sequence of the 5' end of the mouse 
^23-crystallin as compared to jß(Al + A3). Taking this into consideration a rather 
dramatic evolutionary change of the gene structure must have taken place after 
the moment of divergence of the ancestors of mouse and calf. 
The nucleotide sequence of pBL/?Bl, which allows us to predict the complete 
amino acid sequence of bovine /?Bl-crystallin, shows a remarkable high G + C 
content. The overall G + C content is 67%, which is much larger than the G-C 
ratios of other crystallins: rat aA 57-4% (Moormann et al., 1981), frog αΑ 56·4% 
(Tomarev et al., 1982), mouse aA 56-2% (King et al., 1982), mouse 023 48% 
(Іпапа et al., 1982,1983) and rat γ 58-4% (Moormann et al., 1982). This high G + C 
content can be directly correlated with a non-random codon usage as shown in 
Table 2. There is a clear preference for codons which have either G or С at the 
third position. We observe that in four codon families (XYN, where all four XYN 
codons are synonymous), when XY = TC, CC, AC, GC or GG the preference is for 
С in the coding DNA strand (Ser, Pro, Thr, Ala, Gly). The reverse preference is 
observed where XY = CT or GT (Leu, Val) where a G is predominantly used in 
the third position of the codon. A preference for these codons has also been found 
in liver and muscle genes of a number of species (Hastings & Emerson, 1983). This 
codon usage is difficult to explain, but it might indicate that in some way some 
synonymous codons give a greater degree of fitness and are therefore selected 
during evolution (Hastings & Emerson, 1983). The G-C ratio of /?B1 is especially 
high in the first 170 nucleotides at the 5' end of the cDNA, namely 84-2%. Within 
this region there is a sequence that seems to be derived from a "simple" DNA 
sequence that is a repetition of C-C-C-G-C-C elements. The repetitive DNA codes 
for a remarkable protein domain of alternating proline/alanine residues. This 
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proline/alanine repeat in the N-terminal extension of bovine /fBl, which was 
reported earlier (Berbers et al., 1983) is not found in other ß-crystallins. Since all 
/3-crystallin subunits show s t rong differences in the NHj - t e rmina l domains , it is 
possible t ha t this region is encoded by a dist inct exon. I t might be interest ing to 
find out whether this simple DNA repeat is located on a separate exon t h a t has 
become integrated in the coding sequence via a process of "exon shuffling" dur ing 
the gene duplication events from which the /?-crystallin gene family most 
probably has arisen. The functional significance of this sequence a t protein level is 
no t yet clear. The N-terminal region of the light chain of rabb i t skeletal muscle 
myosin (Frank & Weeds, 1974) has a similar domain . The /Ш1 subuni t is t h e only 
/J-crystallin which associates with the p lasma m e m b r a n e so, interact ions of t h e 
N-terminal region of /?B1 with m e m b r a n e or cytoskeletal proteins have been 
suggested (Berbers et al., 1983; Bloemendal et al., 1982). T h e knowledge of t h e 
complete sequence of the m R N A of /Ш1 provides a basis for studies of t h e 
s t ructure of its gene and t h e evolut ionary events which brought a b o u t the str iking 
D N A sequence of this /î-crystallin subuni t . The isolated specific cDNA probes for 
five different /J-crystallins as repor ted in this s tudy are useful tools for further 
studies on the regulation of crystallin expression in eye lens tissue. 
We thank Dr W. de Jong for his comments. The present investigations have been carried 
out in part under the auspices of the Netherlands Foundation for Chemical Research (SON) 
and with financial aid of the Netherlands Organization for the Advancement of Pure 
Research (ZWO). 
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ABSTRACT 
We isolated bovine complementary DNA clones for 
the aA- and aB-crystallln subunlts. The aB cDNA 
clone was used to Isolate for the first time an 
oB-crystallln gene. This gene, derived from ham­
ster, occurs as a single copy In the genome and is 
3.2 kb long. The coding sequences are spread on 
three exons with a total length of 709 nucleotides. 
The exon/lntron distribution of the hamster aB-
crystallin gene is similar to that of the aA-
crystallln gene except for the 69 nucleotides, 
which specify the 23 "Ins" residues of the aAIns 
chain by means of differential splicing. The 3' 
noncoding region of the oB mRNA (11)0 bases), which 
is short as compared with the aA mRNA (5?0 bases), 
shows a remarkable homology between calf and ham­
ster. Both a-crystallin cDNA clones have been used 
to assign the chromosomal location of the 
corresponding human genes with the aid of somatic 
cell hybrids. It is shown that the single copy aA-
and aB-crystallin genes are located on different 
chromosomes. 
INTRODUCTION 
Among the structural proteins of the mammalian 
lens a-crystallln is a major component with a 
molecular weight of about 800,000 dalton, which is 
composed of acidic and basic polypeptides. Of these 
subunits only two are primary gene products, named 
aA2 and aB2, varying in ratio and in rate of syn­
thesis during differentiation of the lens cell. All 
other a-crystallln subunits arise from aA2 and aB2 
by posttranslational modification (1-3). The ham­
ster aA-crystallin gene, whose structure has been 
elucidated recently (Ч), consists of four exons. 
Exon 2, which encodes the so-called Insert peptide, 
characteristic for some rodents (5,6), arises by 
differential splicing (4-7). 
In order to obtain structural evidence for the 
different expression patterns of the two a-
erystallln genes, we Isolated aA- and aB-crystallln 
cDNA clones from a cDNA bank of bovine lens mRNAs 
(8). Previously aA-crystallin cDNA clones had been 
isolated for a few other species (9-12). However, 
quite surprisingly an аВ-speciflc cDNA clone had 
never been found In spite of the fact that several 
research groups pursued studies on molecular clon­
ing of the crystallin genes. We have now also Iso­
lated and characterized by sequence analysis the 
hamster aB gene and performed comparative studies 
with the hamster aA gene (4). Moreover we investi­
gated the chromosomal location of the a-crystallln 
genes to address the question whether these genes 
are linked on the genome like the 6- and γ-
crystallin families, which linkage might have im­
plications for the regulation of expression. 
MATERIALS AND METHODS 
Isolation and Identification of bovine аА^  and aj3 
crystallin cDNA clones. 
Isolation and cloning of bovine lens mRNAs, the 
screening of the recombinant clones in a hybridiza­
tion selection assay and the Identification of the 
translational products by one- and two-dimensional 
gel electropheresls was done as described (8). 
This resulted in the isolation of the aA- and aB-
crystallin clones pBLaA-1 and pBLaB-1. 
Construction and screening of a^  hamster genomic li­
brary 
A partial gene library from a Syrian gold ham­
ster was constructed. Sau ЗА restriction fragments 
ranging from 15 to 20 kb were cloned in Charon 28 
as vector (13). Screening was done with the probes 
pBLaA-1 and pBLaB-1. Hybridization was carried out 
о 
at 12 С during 16 h In 50% formamide, 5x SSC, IX 
Denhardt's solution, 20 mM sodium phosphate (pH 
6.8), 5 mM EDTA, and 100 pg/ml single-stranded sal-
o 
mon sperm DNA. Washings were at 42 С during 3 hr 
о 
with the hybridization solution, at 55 С for 15 min 
in 2x SSC, 0.1Í SDS. Positive plaques were purified 
and characterization was done by restriction enzyme 
mapping using established methods. 
DNA sequence analysis 
Two EcoRI fragments, derived from clone XHaaB, 
of 1.6 kb and 4.2 kb containing the part which hy-
bridizes to our cDNA probe, were subcloned Into a 
suitable pBR322 vector. The Inserts of these sub-
clones were digested with the enzymes Sau3A, 
Haelll, and Hpall and the resulting fragments were 
llgated into Mp8, Mp9, MpIO or Mpl 1 (14). The 
chain termination method (15) was used to sequence 
the Ml 3 inserts. Analysis was on 40 cm 6% sequenc-
ing gels. The gel readings were recorded, edited 
and compared by the programs of Staden (16). Search 
for homology and optimal alignment was done by the 
program DIAGON (17). 
Cell hybrids and genetic analysis 
The methods for production, isolation and propa-
gation of the Interspecific somatic cell hybrids 
were reported earlier (18,19). Previous reports 
described the PG/Me hybrids (20-22), the a3G hybrid 
37 
(23) the a3Y hybrids (24) and the E36 series of hy-
brids (25) included in the present study. The hy-
brids were investigated for identifying the indivi-
dual human chromosomes with G-bandlng, Giemsa-11 
and/or Q-banding techniques (26). A list of 37 
chromosome-specific enzyme markers used to screen 
to hybrids Including the references of the methods 
used, was reported elsewhere (25). 
DNA preparation and Southern hybridization analysis 
Total DNA of the cell lines was isolated as 
described (27). 10 yg amounts of each DNA sample 
were digested with appropiate restriction enzymes, 
electrophoresed in 0.8Ï agarose gels, blotted onto 
nitrocellulose and hybridized under conditions as 
described above. Plasmid inserts of pBLaA-1 and 
pBLaH-1 were 32P-labeled by nick-translation. 
RESULTS 
Identification of aA and aB-crystallin cDNA clones 
A bovine cDNA library constructed in pBR322 was 
screened for oA- and aB-crystallin cDNAs using a 
hybridization selection assay (8). The polypep-
tides synthesized in vitro were analyzed by one-
dimensional (data not shown) and two-dimensional 
SDS/polyacrylamide gel electrophoresis and fluorog-
raphy. Figure 1 shows the identification of an aA 
and aB crystallin cDNA clone by two-dimensional gel 
co-electrophoresis with the soluble protein frac-
tion of bovine lens. Figure 1 (A) presents one of 
these gels stained with Coomassie blue showing the 
migration of the bovine crystallins used as mark-
ers. Figure 1 (C) and (D) show the products syn-
thesized in vitro from the mRNAs selected by the 
clones pBLaA-1 and pBLaB-1 . The inserts of these 
a-crystallin clones were 1000 bp for aA and 700 bp 
for aB. From the clones tested 15% contained a-
crystallln specific cDNA (aA and aB clones were 
found at a ratio of Ί to 1). 
Isolation of the hamster qB-crystallin gene 
A hamster genomic library constructed in the λ 
phage Charon 28 (28) was screened for the aB-
crystallln gene using the nick-translated cDNA 
clone pBLaB-1 as hybridization probe. After screen-
5 
ing 5.10 recombinants one positive clone was iden­
tified. For restriction enzyme and blotting 
analysis two PstI fragments (150 and 500 bp in 
length) were isolated from pBLaB-1 and used as 
probes. It was found that the coding sequences of 
the aB gene were located within 2 EcoRI fragments 
and that the gene is about 3-2 kb in length flanked 
by 5.8 kb 5' upstream and Ί.δ kb 3' downstream se­
quences (Figure 2). To allow a more detailed study 
of the gene we made subclones of the two EcoRI 
fragments (4.6 and k.2 kb) in pBR322, which were 
used for subsequent sequence analysis. 
Southern blot analysis of hamster genomic DNA 
with the insert of pBLaB-1 as probe revealed the 
same hybridizing bands as the blotting analysis of 
the two EcoRI subclones (data not shown). These 
findings clearly Indicate that all hamster genomic 
aB-crystallin sequences are located within these 
two EcoRI fragments and that aB-crystallin is en­
coded by a single copy gene. 
Nucleotide sequence of the aB-crystallin gene 
To define the exon/intron organization of the 
gene and to examine the structural basis of aB-
crystallin expression, we determined the sequence 
of the coding parts and flanking sequences. For 
this purpose numerous restriction fragments of the 
two EcoRI fragments were randomly subcloned Into 
Ml 3 vectors and subsequently selected for their 
capacity to hybridize to pBLaB-1 . Dldeoxy chain 
termination (15) performed on positive phages 
resulted in determination of the sequence of both 
strands as depicted in Figure 3· A comparison of 
the gene sequences with the reported bovine and hu­
man aB-crystallin amino acid sequences (29,30) al­
lowed us to locate the different exons. As shown 
in Figure 2 and 3 the hamster aB gene consists of 3 
exons and 2 introns. The central parts of the in­
trons were not sequenced. The first exon contains 
the coding information for the amino acids 1-67 as 
well as 41 bp of the 5' noncoding region. The 
second exon has a length of 123 bp and encodes 
residues 68-108 of the aB chain. The third and last 
exon is 310 bp in length and contains the coding 
sequence for the amino acids 109-176 and the infor­
mation for the 140 bp of the 3' noncoding region. 
The two introns of the aB gene are 0.9 kb and 1.6 
kb long. The translated exon sequences are almost 
identical with the known amino acid sequence of the 
aB2 subunit of calf and man (29,30) with only a few 
substitutions that are indicated in Figure 3. Resi­
dues 39-41 apparently have a hijh mutation rate 
since they differ in all species examined. 
In accordance with the general GT-AG border nu­
cleotide rule both introns begin with the dinucleo-
tlde GT and end with AG (31). More extensive con­
sensus sequences have been proposed for the splice 
sites of eukaryotlc genes that are transcribed by 
RNA polymerase II (32). The donor ( ^ -A-G/G-T-Q -
A-T-G-T) and especially the acceptor ((£)11-N-C-
A-G/G} consensus sequence are reasonably well 
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Figure 1 
Identifleatlon of clones containing a-crystaHln 
cDNA sequences by hybridization selection and 
two-dimensional SDS Polyacrylamide gel electro-
phoresis. 
tA) Coomaasle blue stained gel showing the 
crystallins from calf lens cortex. (B) Schematic 
representation of the α-crystallln polypeptides 
of bovine lens. αΑΙ and aBI are posttranslatlon-
ally modified products of oA2 and аВ2. (С) and 
(D) Fluorographs of gels showing the in vitro 
translation products of mRNAs hybridized to the 
specific Plasmids pBLaA-1 and pBLaB-1, respec­
tively. Identification was accomplished by 
matching the fluorograph with the "cold" pattern 
of the d-crystallins run on the same gel. IEF: 
isoelectric focussing. 
Figure 2 
Physical вар of the аВ-crystallln gene. 
(a) The sites for some restriction enzymes In 
the \Ha-aB insert are shown. B=Bam HI; E»Eco RI; 
HIII-Hindlll; HII=Hino II; Xh-Xho I; X-Xba I. 
(Hlnc II sites are only determined for the 4.6 
Kb EcoRI fragment.) 
(b) Shaded bars are the regions whose sequence 
is presented In figure 3. 
(c) The black bars represent the position and 
size of аВ exons, which are numbered with Roman 
numerals. 
λ-Ha-aB· 
pHa-oBI 
X 
E В 
Ш Щ 
Hm 
φ 
Xh Нц В Ни Нц В Χ 
К 
(a 
1рНа-аВ2 ( b 
I 1 
I kb 
-• V-
I II Ш 
(с 
I ) ССАССТСАОСГСТОТТТОТОТ^ТССТТТТСТАОСТСАОТОАОТАСТаООТАТОТеТСАСССТСССАААТСССТОАТСАСААОТСТССАТОААСТООСООТОАаГТОООАТААТААААС 
' 10 20 50 40 50 60 70 80 90 100 110 1 ?0 
I 
"ТАГА bon" M D I 
СССТОАСАТСАССАТТССАОААОСТТСАСААОАСТОСАТАТАТААООСОСТОССТОТАОСТОСАОСТОААООАОТТСАССООССААСТОАСССТАСАТТСАССТАОССАССАТОСАСАТС 
. , ι ι ι ι ι ι ι · ! 240 
*· * *· 
А І Ч Н Р І Я Р Р Г Р Р Р Н З Р а Н Ь Г В О Р Р К Е Н Ь Ь Р З П Ь Р Ч Т А Т З 
GCCATCCACCACCCCTGGATrCGCCGTCCCTTTTTCCCTTTCCACTCCCCCAeCCGCCTCTTTGACCAOTTCTTCGGAGAGCACCTGTTGGAGTCTGACCTCTTCCAACTGCCACTTCT 
ι ι ι ι ι ι ι ι ι ι . ' . 160 
L S P F Y L R P P ^ F L F A P S V I D T G L S E | » INTMH 1 
CTGAGTCCCTTCTACCTGCGGCCACCTTCCTTCCTTCOGGCAnCOAOCTGGATTGACACTGGACTCTCAOAGGTGAGTCTCCTCTATGGCCCTTCCTGO 0 7 Kb 
459 
I') GCTCCAGAGTCATGCAACAAGGGACTATTTTTAGTAOCAAAAGAGGAOGOTGAATTACCTGCACAGGAACTAAATCTACAGACAGAACAATGAGTCTTCTCCAATTTAACAAACATTCGG 
ι • ι , ι , ι . . ι ' 1 2 0 
IWTRÜN ƒ * · *•· 
" I M R M E K D H P S V N L r V K H P S P E F L K V K V L 
CCAATCTTTTGAOCTCCCTTCTCCCCCTTGTTATOCCAGATGrOGATGGAOAAGOACAGATTCTCCGTOAACCTGGATGTGAAGCACTTCTCCCCGGAAGAGCTGAAAGTCAAGffTGCTG 
t ι ι t 1 ι ι ι 1 ι ι 240 
* . 'M 
G D V V E V H G K H E E R Q | • INTRON I 
ООООАСОТООТТОААОТОСА^ООСААГ.САСОААвАОСОССАСОТОТОТООАССОСТОСТТОТТТТОООАОТТТСАТТСАОТОСАСАСТООАТОССАООСАСТОССАСАОТСТСТОААвСТ 
• ι • • · · • • · ι ι 160 
GGCGGAACTCCAGGCCCCAAACATAAAGGGTTAGAGCAGGAGCTGCTAOGAAGCTAAGTTAGGGATAAATCTGTTGTTACTGTTATOGTTTTOCTGAGAGAAGTGCCCCTTGATGTTTAT 
ι ι ι ι ι ι ι . • 480 
m) 
TTTGATTGCCTTGTTGGTO — 12 Kb — 
499 
CCCAGCTCCAGGCATTTCTTTTTCTCTTATGATGTCAGGGCAATTCGGTCTAACCTAAGGGAAAGOOATGTCTOAOTTTGGGGAAAGTGOTGGCTTCCCTGTTCTTACTTCTCTOTTTCT 
1 1 1 1 1 1 1 1 ι ι ' 120 
IMTROM г. " " * · 
" 1 D E H O F I S R E F H R K Y R I P A D V D P L T I T S S L S S D G 
TTCTTCATTCTCTTOGATTAGGACGAACACGGCTTCATCTCTAOGGAOTTCCATAGGAAGTACCGGATCCCAOCTGATGTGGATCCTCTGACCATTACTTCATCCCTGTCATCTGACGGC 
• . · ι ι ι ι I I · · 240 
V L T V N G P R K Q A S G P F R T I P I T R F F K P A V T A A P K K "STOP-corion" 
GTCCTCACTGTGAATGGACCAAGGAAACAGGCCTCTGGCCCCGAGCGTAfCATTCCCATCArCCGTGAAGAGAAGCCTGCTGTCAC'TQCAGCCCCTAAGAAGTAGACTCCCTTTCTCTCA 
' „
m y A . ' 760 
TTGCATTTTTTAAAACAAGAAAGTTTCCCATCAGTGAAGGAAAATCTGTGACTAGTGCTGAAGCTTATTAATOCTAAGGGCCGGOCCAGATTATTAAGrTAATAAAATATCATTCAGCAA 
• · · ι ι ι • · ι ι · 480 
* 
TAGATTTGTCTCGTGCTTATGTATTCAGGGTGCTTTGAATAACTACAAGCATAACGGATCTAATTCTTOTACTGTGATTCAGGGAAACTCCAAGGACTTTTGGGTCA 
587 
Figure 3 
Sequence of the hamater aB-cryatallin gene. 
The sequence of all coding regions and flank­
ing nucleotides are shown. The Introns are 
marked by arrows and the amino acid sequence en­
coded by the exons Is given in the single letter 
code. Lengths of Intron fragments that are not 
sequenced are Indicated. "TATA-box" points to 
the transcriptional control signal. Poly A: po-
lyadenylylatlon signal. The arrow at position 
WS indicates the poly (A) addition site, which 
is found by comparison with the bovine aB-
crystallin cDNA clone sequence (figure 5). As­
terisks and dots mark amino acid substitutions 
between hamster aB-crystallln and the known ami­
no acid sequences of calf (29) man (30), respec­
tively. 
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Figure 4 
Exon-intron junctions of the aB-crystallin gene 
coapared with the corresponding Junctions of the 
hamster aA-crystallin gene (4). 
Nucleotides around the splice sites are com­
pared to the consensus donor (left) and acceptor 
(right) sequence (31). Upper and lower lines 
represent hamster aB- and hamster aA-crystallln 
sequences, respectively. Exon sequences are in 
capital letters; amino acids bordering the in­
trons are given above and below the correspond­
ing codons. The insert sequence of the oAIns 
chain is not included. The "ag" and "gt" intron 
consensus sequences are always present, the oth­
er nucleotides are slightly different from the 
consensus. 
Figure 5 
Coaparlson of 3' non-translated regions of the 
hamster aB-crystallin gene and bovine aB cDNA 
clone pBLaB. 
The 3' noncoding sequences of hamster and 
calf are aligned. Common residues are Indicated 
by an asterisk. From the stop codon up to the 
poly A addition site the length of the 3' non-
coding sequence is Identical and the homology is 
more than 90Í. 
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Figure 6 
Assignent of the aA~ and aB-crystallln genes. 
DNAs isolated from somatic cell hybrids 
between hamster and man were digested with Bam 
HI and hybridized with the insert of pBLaA (A)) 
or digested with Sao I and hybridized with the 
insert of pBLaB (B). The chromosome content of 
each cell line, Η-P {except that of 0), is 
described in table 1 . Hu- human and Ha- hamster 
are the control DNAs. 
Lane number Clone Human chromosome 
in figure 6 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 Χ αΑ αβ 
H a3Y 1 4 - 2 + + + + + + + + + + + + +
 + + + + + + 
I a3Y 13-1 + + + + + + + + + + + + + + + + + 
J a3G 5-2 + + + + + + + + + + + + 
К E36 33.7-2 + + + + + + + + + + + + + 
L E36 3 3 - 1 1 - 2 + + + + + + + • + + +
 + + + 
M E36 10 CB 1-2 + + + + + + + + + + + + + + + 
N E36 10 CB 22B2 + + + + + +
 + + + + 
Ρ E36 78-3-13-2 + + + + + + + + + + + + 
CO 
aA 3 4 4 4 5 8 3 4 5 5 1 2 3 4 3 2 4 7 3 4 0 6 2 
Discordant # 
αΒ 1 4 4 4 5 6 5 2 7 5 3 4 3 4 3 0 2 5 5 4 2 6 2 
Table 1 
Distribution of tusan chroaosoaes In cell hy­
brids. 
Cell line H to Ρ are Chinese hamster χ man 
somatic hybrids. Plus (+) Indicates the pres­
ence of human chromosomes containing aA and αΒ 
sequences. The lowest discordance for aA is with 
chromosome 21 and for αΒ with chromosome 16. 
Cell line 0 is omitted from this table, since 
the precise chromosome content of this line 
could not be Identified. 
matched by the exon/intron junctions of the aB 
gene. 
These exon/intron borders were compared with the 
corresponding regions of the hamster aA-crystallin 
gene (Ό. Since the products of the aA and aB cry-
stall in genes ak2 and aB2 have 57Ϊ sequence homolo­
gy (29), they are supposed to be derived from a 
common ancestral gene by a duplication event, which 
is thougth to have taken place more than 500 mil­
lion years ago. As can be seen in Figure 1 all 
exon/intron Junctions are exactly located at the 
same sites in both genes, thereby yielding further 
evidence for the evolutionary relationship of these 
two genes. 
Flanking regions 
The 5' and 3' flanking regions were also se­
quenced since these regions may be important in the 
regulation of gene expression. At position 159 to 
165 in Figure 3 there is a sequence "TATATAA" which 
obeys the consensus promotor sequence for eukaryot-
ic genes (Goldberg-Hogness box). The transcription 
initation site or the cap site could tentatively be 
assigned to the residue "A" at position 189, which 
is not preceded by the consensus nC", but by "G". 
Like for the aA gene of hamster (4) and mouse (7) 
and the chicken 62 gene (33) no consensus CCAAT-box 
could be detected. The 3' end of the hamster aB 
gene was determined by comparing the nucleotide se­
quence of the 3' untranslated region of the gene 
with the sequence of the bovine cDNA clone pBLaB-1 
that contains the complete 3' noncoding region. 
The polyadenylylation signal AATAAA is located 23 
nucleotides upstream from the poly A addition site. 
Comparison of the 3' noncoding regions of the bo­
vine cDNA clone and the hamster aB gene clone (Fig­
ure 5) revealed that these regions are equal in 
length and have more than 90Ϊ sequence homology. 
Mapping of the a_A- and qB-crystallln genes on human 
chromosomes. 
The crystallln genes display a tissue-specific 
expression pattern and are synthesized at different 
times and in different regions of the developing 
lens (3Ό. To examine whether the expression of 
the two a-crystallin genes is regulated coordinate-
ly, the linkage relationship between these genes in 
the genome was studied by investigating the chromo­
somal location of the aA and aB genes using rodent 
χ human somatic cell hybrids. We used a panel of 5 
mouse χ human and a panel of 9 chinese hamster χ 
human hybrids. The cryopreserved cell lines, which 
were screened for the human chromosomes and 
chromosome-specific markers during previous studies 
(20, 23-25), were brought back to culture and the 
cell pellets of each hybrid line were divided into 
two portions. One part was used to verify the hu­
man chromosome content by retest ing for 
chromosome-specific enzyme markers (Table 1). The 
other part was used to isolate total DNA, which had 
been digested with an appropriate restriction en­
zyme and after electrophoresis and blotting hybri­
dized to the nlcktranslated insert of pBLaA-1 and 
pBLaB-1. For the aA probe it was found that in the 
case of hamster χ human cell hybrids the restric­
tion enzyme BamHI gave a good resolution of the 
hamster and human bands. The 1.0 kb human BamHI 
fragment is found in lines H,I,L,M,N and Ρ (Figure 
6A). Comparison of these results with the chromo­
some information of the hybrids (Table 1) indicated 
that the aA gene Is in chromosome 21. The use of a 
panel of 5 mouse χ human cell lines also was In 
concert with the assignment of the aA gene to chro­
mosome 21 (data not shown). The aB probe gave a 
good resolution between the human and hamster bands 
with Sad. The human 10 kb Sad fragment is found 
in the lines Η to Ρ (Figure 6B). Comparison of 
these results with Table 1 and calculation of a 
discordance score indicates that the aB gene is 
presumably in chromosome 16. Some doubt remains 
about the hybridization signal in cell line L. 
Only a very faint band with a different migration 
behavior could be detected after hybridizing with 
the aB probe. Screening of another panel of cell 
lines (mouse χ human) didn't allow a definite as­
signment. From these results, however, it is clear 
that both α-crystallln genes segregate with dif­
ferent chromosomes, excluding the possibility of a 
close physical linkage of these genes on the same 
chromosome. 
DISCUSSION 
The highly conserved, slowly evolving crystal­
line have demonstrated their usefulness for the 
study of molecular evolution (35). The a-
crystalllns have the lowest mutation rate among 
crystallins, only 3 amino acid replacements per 100 
residues in 100 million years. The observation 
that the hamster аВ-chaln differs only at a few po­
sitions (Figure 3) from the bovine (29) and human 
(30) aB-subunits provides additional evidence for 
this evolutionary conserved character. These sub­
stitutions most likely result from single base mu­
tations. 
44 
At the DNA level the aB-crystallin is also high-
ly conserved, surprisingly not only for the 
protein-encoding nucleotides. Alignment of the exon 
sequences of the hamster aB gene with the sequence 
of the bovine aB cDNA revealed a high degree of 
homology in the 3' noncoding region (Figure 5) only 
3 single base deletions and 15 substitutions in a 
sequence of 145 base pairs. Assuming an equal rate 
of mutation after divergence and a neutral mutation 
rate for 3' noncoding regions, which was estimated 
to be 0.7Í per million years (36) this degree of 
difference would imply that divergence took place 
7 
about 0.7 x 10 years ago. However, the last common 
ancestor of hamster and calf existed probably 6 χ 
7 
10 years ago. Therefore, considerable selective 
constraint must have maintained this sequence 
homology between the 3' untranslated regions after 
species divergence. On the contrary, the unusual 
long 3' noncoding part of the aA-crystallin mRNA 
(520 bases for the hamster) does not show this evo­
lutionary sequence conservation (1), since there is 
already 20% difference in this region comparing the 
closely related species hamster and mouse. Homolo­
gous 3' untranslated regions have been reported for 
members of several multlgene families encoding the 
cytoskeletal proteins actln (37), tubulin (38) and 
also for the intermediate filament protein vimentin 
(39). It has been suggested that these conservated 
3' noncoding regions might be necessary for the 
secondary structure of the RNA or for 
protein/nucleic acid interactions. 
Comparative studies of the hamster aA- and aB-
cryatallin genes revealed almost no homology in the 
noncoding parts. Only consensus sequences like 
"TATA-box" and poly A addition signal are conserved 
in addition to several short stretches of homology 
among which a stretch of 8 Ьр (AAATCCCT), which is 
found -31 bp from the TATA-box of the hamster and 
mouse aA gene and -90 bp from the TATA-box of the 
hamster aB gene. A consensus "CCAAT-box" could 
neither be detected in the aA gene nor in the aB 
gene. 
Initial experiments revealed a potentially im­
portant DNA sequence for the expression of the mu­
rine aA gene between -85 and -100 from the cap site 
(10). The sequence of the aB gene is determined up 
to -1^0 from the TATA-box. Therefore, it might be 
possible that stretches of sequences, that are in­
volved in the regulation of transcription and in 
the tissue-specific expression of the a-crystallin 
genes are situated upstream from the sequence as 
depicted in Figure 3. Further experiments with a 
suitable expression system are needed to study the 
promoter regions of the a-crystallin genes in more 
detail. Another interesting feature of the a-
crystallins is their homology with the small heat 
shock proteins of Drosophila (Ίΐ), Caenorhabditis 
and soybean (42,13). Alignment of the protein se­
quences of hamster aB and Drosophila hsp 26 showed 
that the homologous parts of these proteins are 
restricted to the second and third exon of the aB 
gene (data not shown). The homology starts at resi­
due 68 of the aB chain, at the 5' end of the second 
exon. These confined stretches of homology were 
also found for the hamster aA-crystallin gene (4). 
It may be suggested that the greatest part of the 
a-crystallin genes has originated by duplication 
from ancestral heatshock genes. Combining of dif­
ferent exons might have taken place after this du­
plication. These suppositions would be in agreement 
with the hypothesis that new proteins may arise by 
combining exons encoding separate structural and 
functional domains as proposed by Gilbert (44). 
The possible function of the heatshock-protein like 
domain in eye lens proteins is an intriguing object 
for future studies. 
Another aim of our studies was to address the 
question how the expression of the a-crystallin 
genes is regulated on the genome. Since aA- and 
аВ-crystallln together form higher aggregates it 
might be supposed that their expression Is regulat­
ed coordinately. Linkage of the α-crystallln genes 
on the genome might be essential in that respect. 
Several crystallln families are linked on the 
genome. The i-crystallln genes are only 4.2 kb 
apart on the chicken genome (45) and the γ-
crystallin genes are linked on the human chromosome 
2 (46). Our results clearly show that the a-
crystallln genes are not located on the same chro­
mosome, although additional experiments are needed 
to verify the assignment of the aB gene. The aA 
gene is assigned to chromosome 21. In this respect 
the observed trisomy of chromosome 21 in patients 
with Down's syndrome, who often suffer from Ju­
venile cataract is striking and may point to a 
correlation between cataract and abnormal crystal­
lln expression. 
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ABSTRACT 
The nucleotide sequence of the cDNA of bovine 
lens Ss-crystallln has been determined, and the 
derived amino acid sequence has been confirmed by 
amino acid compositions and partial sequences of 
the tryptlc peptides of this monomeric protein. 
(js-crystallin has a length of 177 residues, 
corresponding to a Mr of 20,773 and a blocked N-
terminal serine. Comparison of Bs with the known 
sequences of other β- and Y-crystallins, and com­
puter construction of a phylogenetic tree of these 
sequences, shows Bs to be more closely related to 
the monomeric Y-crystallins than to the oligomeric 
ß-crystallins. Also the tertiary structure of Bs 
modelled by interactive computer graphics on the 
coordinates of Yll-crystallin, revealed similari-
ties with the Y-crystallins which might explain Its 
monomeric behavior: the presence of a very short 
N-termlnal "arm" as compared to the ß-crystallins; 
the absence of hydrophil1c patches, which might be 
important for chain Interactions; and finally the 
nature of Its Inter-domaln contacts, ßs-crystallin 
seems to be an old and isolated offshoot of the Y-
family, and considering Its ancient origin, might 
well be present in other, nonmammalian, vertebrate 
classes. 
INTRODUCTION 
Much information has become available on the 
molecular evolution of genes and proteins from com-
parative studies of protein structure and gene or-
ganization. Also the crystallins are suitable ob-
jects for such a study (de Jong, 1981). These 
structural proteins from the vertebrate eye lens, 
accounting for 80 to 90Í of the soluble protein 
fraction (for reviews see Harding and Crabbe, 1984; 
Bloemendal, 1982). There are three major classes of 
crystallins in the mammalian lens: α, β and Ύ. The 
β- and Y-crystallins form a superfamily of related 
polypeptides, which most likely are derived from a 
common ancestral gene (Drlessen et al., 1981; Wis-
tow et al., 1981). These crystallins are built up 
of two similar globular domains, which show se­
quence homology, suggesting an intragenic duplica­
tion In their ancestral gene. The structure of 
each domain again Is made up of two "Greek key" 
motifs (Blundell et al., 1981), reflecting an even 
earlier duplication event. This tertlalry struc­
ture is directly related to the gene organization 
of the β- and Y-crystallins in that each of ^he 
four predicted structural motifs of the β-
crystallln polypeptides is encoded by a separate 
exon (Inana et al., 1983), while in the Ύ-
crystallln genes an intron separates the two domain 
sequences (Schoenmakers et al., ІЭВ1*). 
The main difference between the β- and Y-
crystallin polypeptides Is that ß-chains are organ-
ized In dlmers and triraers (β ) or higher aggre-
L 
gates (B ). In contrast, the Y-crystalllns are 
Η 
monomeric. Structural analysis revealed that β-
crystallins have an N-terminal extension, which may 
be involved in dimer formation or interaction with 
other polypeptides (Berbers et al., 1983). The ab­
sence of such an extension at the N-terminus may 
explain the monomeric nature of the Y-crystallins. 
In this context a remarkable member of the ß-
crystallln family is the ßslow polypeptide, which 
Is also monomeric. It was designated as a ß-
crystallln, because it is N-terminally blocked and 
has an isoelectric point in the ß-crystallln range 
(Van Dam, 1966). Also its amino acid composition 
resembles more that of β- than of Y-crystallin. 
Furthermore its molecular weight, determined by SDS 
gel electrophoresis Is higher than that of Y-
crystallin and In the range of the ß-crystallin po-
lypeptides (Kabasawa et al., 1977). 
To determine, whether ßs-crystallin belongs ei-
ther to the β- or to the Y-family, or possibly 
represents a distinct branch in the evolution of ß-
and Y-crystalllns, we performed sequence analysis 
on an isolated ßs clone from a bovine lens comple-
mentary DNA bank (Quax-Jeuken et al., 1981). In-
formation about the tertiary structure , of ßs-
crystallln was obtained by three-dimensional model 
building, using Interactive computer graphics, 
based on the model of bovine Yll-crystallln. 
Furthermore an evolutionary tree for the ßY-
crystallins was constructed to place ßs In the 
branching arrangement of the other β- and Y-
crystalllns. 
MATERIALS AND METHODS 
Sequence analysis of the bovine ß£ cDNA clone 
The cloning of the bovine ßs cDNA in the pBH322 
Plasmid has been described elsewhere (Quax-Jeuken 
et al., 1984). The insert of the cDNA clone pBLßs 
(2 PstI fragments) and the DNA fragments resulting 
from digestion of the Insert with Haelli, Pvul or 
Smal were subcloned In M13 Mp8 and Mp9 vectors and 
grown in JM103 rec(A ) (Messing et al., 1981). 
Single-stranded DNAs from recombinant bac-
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teriophages were sequenced by the dideoxy method 
(Sanger et al., 1980). Both DNA strands were se­
quenced completely. To determine the nucleotide 
sequence of the 5' part of the Ss mRNA dideoxy se­
quence determination with bovine mRNA (50 yg/ml) as 
template and a synthetic primer of 16 bases (kindly 
supplied by Prof. Van Boom, Leiden) was carried out 
In 10 mM MgCl , 50 mM KCl, 50 mM TrlsHCl (pH 8.3), 
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1.5 mM dithlothreltol. The concentrations of deoxy-
ribonucleoside triphosphates and dldeoxyriblonu-
cleoside triphophates were 25 μΜ and 5 μΜ, гезрес-
o 
tively. The reactions were carried out at 37 С for 
20 min. in a volume of 5 μΐ with avian myeloblas­
tosis virus reverse transcriptase (2 units per 
reaction). 
Protein-chemical analysis of gs-erystallln 
The water-soluble protein (800 mg) from adult 
bovine lens cortices was fractionated over a 
Sephadex G-75 column (150 χ 1 cm) In 0.05 M Tris-
HC1 buffer, pH 7.5, containing 0.05 M NaCl and 
0.001 M Na -EDTA. The ßs-crystallln was Incomplete-
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ly separated from Y-crystallin, and further puri-
fied by ion-exchange chromatography over carboxy-
methylcellulose (Whatman CM-52). Up to 100 mg of 
protein was applied onto a 20 χ 1 cm bed of CM-52, 
and eluted at room temperature, at 19 ml/h, with a 
gradient ranging from 200 ml 0.1 M Na-acetate, pH 
5.0, to 200 ml 0.3 M Na-acetate, pH 5.0. The purity 
and identity of pooled fractions were checked by 
one- and two-dimensional gel electrophoresis 
(Laemmli, 1970; 0'Farrell, 1975). 
Purified ßs-crystallin was reduced and ami-
noethylated, and either subjected to tryptic diges-
tion or to cyanogen bromide cleavage, using pro-
cedures described earlier (Driessen et al., 1981). 
The CNBr fragments were separated by gel filtration 
over Sephadex G-50 sf in 5Í acetic acid, and dig-
o 
ested with trypsin (2Í for 3 h at 37 С In 0.1 M 
NH НС0 , pH 8.9). Peptides were isolated by high-
voltage paper electrophoresis, pH 6.5, followed by 
descending chromatography. Neutral peptides were, 
if necessary, further purified by re-
electrophoresis at pH 3.5. Amino acid compositions 
were determined on a Rank-Hilger Chromaspek 
analyzer, after hydrolysis for 22 h in 6 N HCl at 
о 
110 С Partial sequences were determined by 
dansyl-Edman degradation (Driessen et al., 1981). 
Evolutionary tree construction of the βΎ-
crystallins 
The amino acid sequence of ßs was aligned for 
maximum homology with the sequences of bovine ΎΙΙ 
(Bhat and Spector, 1984), βΒΙ, ßB2( 0B3 and ВАЗ 
(Berbers et al., 1984; Quax-Jeuken et al., 1984; 
Gönn and Horwltz, 1984), human Ύ1-2 and Y2-1 
(Schoenmakers et al., 1984; Summers et al., 1984), 
rat ßBI and ßB3 (Den Dunnen et al., 1985), the six 
rat Y-chalna Schoenmakers et al., 1984), mouse ß23 
(Inana et al., 1983), frog ß23 (Gause, 1984), ΎΙ 
and ΎΙΙ (Tomarev et al., 1982). Also the sequence 
of protein S of the bacterium Myxococcus xanthus, 
which recently has been reported to show structural 
an sequence similarity with the Bï-crystallins 
(Wistow et al., 1985; Inouye et al., 1983), has 
been included in the alignment, taking special care 
to align the residues which are of key importance 
for determining the "Greek key" motifs. Protein S 
was aligned maintaining the original order of the 
motifs 1-2-3-4, although Wistow et al. (1985) point 
out that a reshuffling of the motifs in the order 
2-1-4-3 gives a slightly better similarity score In 
th alignment with the βΎ-crystallins. 
From the aligned sequences a distance matrix was 
constructed, counting only the similarities within 
the aligned domain sequences (thus omitting N- and 
C-termlnal extensions). Gaps within the domain se­
quences were counted as mismatches, unless the gap 
was present In both chains under consideration. Be­
fore tree construction the values In the distance 
matrix were augmented, using tne PAM-scale of Dayh-
off et al. (1978), to correct for superimposed re­
placements, and hence, to obtain more realistic 
values for the evolutionary distances between the 
different sequences. Because the PAM-scale is 
discontinuous, rounding off towards the next higher 
PAM-value was often necessary in the process of 
augmentation of the distance values. As a result 
the presented branch lengths in the phylogenetic 
tree are slightly larger than, or equal to the real 
PAM-distances. Phylogenetic trees were constructed 
from the augmented distance matrix, using the com­
puter program FITCH, version 2.5, аз supplied by J. 
Felsenstein in his Phylllp package, which is based 
on Fitch and Margollash (1967), with the improve­
ment that negative branch lengths are not allowed 
(Prager and Wilson, 1978). Several different input 
orders were used but provided the same topology. 
Molecular model building of fls-crystallin 
The protein sequences of ßs and ΎΙΙ crystallin 
were aligned In such a way as to obtain a maximum 
homology. The structure of ßs was modelled on ïll 
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using the program FRODO (Jones, 1970) for interac­
tive computer color graphics on an Evans and Suth­
erland Picture System II (by T.A. Jones as modified 
by I.J. Tickle) (Wistow et al., 1981; Inana et al., 
1983). The main chain conformation was built with 
the torsion angles of the ΎΙΙ structure, except In 
the regions adjacent to the Insertion. The region 
of the insertion was constructed using the predic­
tions of programs analyzing the sequence for secon­
dary structure elements. Then for all residues the 
unchanged side chains were placed in the same posi­
tion while non-identical side chains were put into 
similar positions, and adjusted Interactively to 
minimize unfavorable contacts and to optimize van 
der Waals and ionic interactions keeping in mind 
the need to form a closely packed hydrophobic core. 
Finally the N-terminal extension was built In a 
random configuration since prediction techniques 
failed to Indicate a specific secondary structure. 
RESULTS 
Nucleotide sequence of pBLgs and primary structure 
of Bs-crystallin 
The nucleotide sequence of the cDNA clone Is 
592 bases long excluding the poly(A) and G.C tails 
introduced during the cloning procedure. This Bs 
clone contains the coding sequence for 172 amino 
acids, and the total 3' noncoding part of the mRNA 
(76 bases) including the poly(A)-additlon signal 
AATAAA (Proudfoot and Brownlee, 1976). Since our 
cDNA clone lacked the coding sequence of the N-
termlnal residues, we performed a "primer exten­
sion" experiment with the synthetic primer 
(CTTGAAAGTTTTTGTC), which is homologous with the 
nucleotides 47 to 62 in Fig 1, and total bovine 
lens mRNA. After hybridization and extension the 
coding sequence for 6 N-terminal amino acids was 
determined, the start codon AUG and 10 bases of the 
5' noncoding region. The total length of the 5' 
noncoding part of the mRNA could be estimated at 
about 50 bases. The nucleotide sequence of the 
sense strand (mRNA sequence) and Its translated am­
ino acid sequence (consisting of 178 residues, Mr 
20,773), are shown in Fig 1. 
To support the correctness of the derived amino 
acid sequence and to proof its correspondence with 
the original fls-crystallin described by van Dam 
(1966), we isolated bovine lens ßs for determina-
tion of amino acid composition and partial se-
quences. Electrophoretlcally pure ßs was obtained 
by gel filtration of total water-soluble lens pro-
tein over Sephadex G-75, followed by CM-52 ion ex-
change chromatography. After two-dimensional gel 
electrophoresis it appeared аз a single spot of ap­
parent Mr 22,000 and pi 7.0. For unknown reasons 
this same material always appeared аз a doublet on 
one-dimensional SDS-PAGE. 
The amino acid composition of this ßs given in 
Table 1 fully agrees with the compositions 
described by van Dam (1966) and Croft (1973). and 
with the composition derived from the nucleotide 
sequence. A large number of peptides were purified 
from tryptlc digests of cyanogen bromide fragments 
of ßs (Table 2), and partial sequence determina-
tions were performed. All isolated peptides could 
be fitted Into the derived amino acid sequence, аз 
shown in Fig 1. This proofs the authenticity of the 
ßs-crystallin. As can be expected, the large and 
hydrophobic peptide from residues 131-145 could not 
be isolated by the peptide mapping procedure. The 
isolation of the blocked and uncharged peptide 
Ser-Lys from a tryptlc digest of total ßs agreed 
with the proposed N-terminal sequence of ßs. The 
blocking group most likely is an aN-acetyl group, 
as In the ßBp chain and in o-crystallin (Driessen 
et al., 1981; Bloemendal, 1982). The N-termlnal 
sequence Ser-Lys Is Indeed suitable to become ace-
tylated (Driessen et al., 1985). Our results thus 
contradict the N-termlnal acetyl-Trp reported ear-
lier to be present In ßs (Croft, 1973). 
Evolutionary relationship of ßs-crystallln 
The amino acid sequence of ßs was compared with 
those of other known β- and Y-crystallins, as well 
as with the sequence of protein S of the bacterium 
Myxococcus xanthus, which recently has been shown 
to have considerable similarity with the βΥ super-
family (Wistow et al., 1985). The alignment of 
these sequences (Fig 2) clearly reveals the greater 
homology of ßs with the Y-chalns (27 uniquely 
shared residues) than with the ß-chalns (only 3 
uniquely shared residues). The N-termlnal exten-
sion, characteristic for the ß-crystallins, is very 
short In ßs, in which respect it also resembles 
more the Y-crystalllns. Fig 2 also demonstrates 
the conservation in the bacterial protein S of 
several of the essential residues, responsible for 
the Ί-fold Greek key structure of the βτ-
crystallins. 
The percentage sequence homology of ßs with the 
ï-crystallins (49-55*) Is clearly higher than with 
the fl-crystalllns (34-37Í) (Table 3), but is in 
both Instances considerably lower than amongst the 
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"START-codcm" 
I 1 10 
MET SER LIS ALA GLY THR LYS ILE THR РНЕ РНЕ GLU ASP LYS ASN РНЕ GLN 
T G C A C C A A A C Α Τ G Τ C T A A A G C T G G A A C C A A A A T T A C T T T C T T T G A A G A C A A A A A C T T T C A 
. J : : : . so 
Tl T2 ТЗ Т4 
за 
GLY ARG HIS TYR ASP SER ASP CYS ASP CYS ALA ASP PHE HIS MET TYR LEU SER ARG CYS 
A G G C C G C C A C T A T G A C A G C G A T T G C G A C T G T G C A G A T T T C C A C A T G T A C C T G A G C C G C T G 
' • ' · 120 
T5 T6 
50 
ASN SER ILE ARG VAL GLU GLY GLY THR TRP ALA VAL TYR GLU ARG PRO ASN PHE ALA .GLY 
C A A C T C C A T C . A G A G T G G A A G . G A G G C A C C T G ^ G C T G T G T A T ^ A A A G G C C C A ^ T T T T G C T G G 
' ' 180 
""* T7 T8 
T9 
70 
TYR MET TYR ILE LEU PRO ARG GLY GLU TYR PRO GLU TYR GLN HIS TRP MET GLY LEU ASN 
G T A C A T G T A C . A T C C T A C C C C . G G G G C G A G T A J C C T G A G T A C . C A G C A C T G G A J G G G C C T C A A 
' 240 
Ζ Ζ Ζ Ζ Γ TU ^J12 
T13 T14 
1 1 0
 90 
ASP ARG LEU SER SER CYS ARG ALA VAL HIS LEU SER SER GLY GLY GLN TYR LYS LEU GLN 
C G A C C G C C T C . A G C T C C T G C A . G G G C T G T T C A . C C T G T C T A G T . G G A G G C C A G T ^ T A A G C T T C A 
300 
T15 T16 
110 
ILE PHE GLU LYS GLY ASP PHE ASN GLÏ GLN MET HIS GLU THR THR GLU ASP CYS PRO SER 
G A T C T T T G A G . A A A G O G G A T T . T T A A T G G T C A . G A T G C A T G A G ^ C C A C G G A A G A C T G C C C T T C 
360 
T17 T18 T19 
130 
ILE MET GLU GLN PHE HIS MET ARG GLU VAL HIS SER CYS LYS VAL LEU GLU GLY ALA TRP 
C A T C A T G G A G C A G T T C C A C A T G C G G G A G G T C C A C T C C T G T A A G G T G C T G G A G G G C G C C T G 
¡120 
T20 T21 T22 
150 
ILE PHE TYR GLU LEU PRO ASN TYR ARG GLY ARG GLN TYR LEU LEU ASP LYS LYS GLU TYR 
G A T C T T C T A T G A G C T G C C C A A C T A C C G A G G C A G G C A G T A C C T G C T G G A C A A G A A G G A G T A 
ι ι ' • 480 
T23 T24 T25 
170 
ARG LYS PRO VAL ASP TRP GLY ALA ALA SER PRO ALA VAL GLN SER PHE ARG ARG I L E VAL 
C C G G A A G C C C G T C G A C T G G G G T G C A G C T T C C C C A G C T G T C C A G T C T T T C C G C C G C A T T G T 
' ' ' ' 5 1 0 
T26 T27 T28 
"STOP-codon" 
GLU »I * 
G G A G T G A T G A T A C A G A T G C G C C C A A A C G C T G G C T G G C C T T G T C A T C C A A A T A A G C A T T A T 
, , • • ' 6 0 0 
"POLV-A" 
A A A Τ A A A A C A A T T G G C A T G C 
' 620 
5 4 
Ox SB2 
Ox SA3 
Ox BS 
Ν-arm 
ASNHETQAGKPQPLN 
METQTVQQELKSLPTTKMAQTNPMPGSVGP 
MSKAG 
C-arm 
WHQRGAFHPSS 
Ox βΒ2 
Ox 8A3 
Ox as 
Ox ΎΙΙ 
Frog ΎΙΙ 
Prot S2 
Ox ßB2 
Ox ВАЗ 
Ox BS 
Ox ΎΙΙ 
Frog YII 
Prot S2 
PKIIIFEQENFHGHSQELBP GBPCLK 
WKITIYDQENFQGKRMEFTS SCPNVS 
·· ·· · 
TKITFFEDKNFQGRHÏDSDC DCADFH 
···* ·* #·· * *· 
GKITFYEDRGFQGHCYECSS DCPNLQ 
YEDRNFQGRCYECSG DCADLH 
ETGVEKAGSVLVQAGP 
ERNFDNVRSLKVECGA 
• · · 
M YLSRCNSIRVEGGT 
» «»*»·» · · 
Ρ ÏFSRCNSIRVDSGC 
S ÏFSRCNSIKVDSGC 
WVGYEQANCKGEQFVFEKGEYPRWDSWTSS 
WVGYEHTSFCGQQFVLERGEYPRWDAWSGSNA 
• ·· · ···· · 
HAVYERPNFAGYMYILPRGEYPEYQHWMGL 
• ··**· · * · · ·· ** ·*· 
WMLYERPNYQGHQYFLRRGDYPDYQQWMGF 
WMIYERPNFLGHQYFLKKGEYPNYQQWMGF 
ANITVFYNEDFQGKQVDLPPGNYTRAQLAALGIENNTISSVKVPPGVKAILYQNDGFAGDQIEVVA NAEELG 
|i · | i | ' ' Γ Ί I I ' M 
PL 
RRTDSLSSLRPIKVDSQ E 
ÏHIERLMSFRPICSANHKE 
» · · 
NDRLSSCRAVHLSSGGQ 
• ·* Ï 
NDSIRSCRLIPQHTGT 
SDSVRSCKVIPQQKGP 
NNNVSSIRVISVPVQ 
Ι ι ι 
HKITLÏENPNFTGKKMEVIDDDVPSFH 
SKITIFEKENFIGRQMEIC DDÏPSLQ 
• · · φ · · ·· 
YKLQIFEKGDFNGQMHETT EDCPSIM 
• · ·** · ·*·· 
FRMRIÏERDDFRGQMSEIT DDCPSLQ 
HKMKIÏEKEELKGQMLEVL EDCPSVF 
AHGYQE KVSSVRVQSGT 
AMGWPNNEVGSMKIQCGA 
• · · 
EQ FHMREVHSCKVLEGA 
* Φ Φ**Φ 
DR FHLSEVHSLNVLEGS 
EH FKNHDINSCNVLEGH 
i 1 
WVGÏQYPGYRGLQYLLEK GDYKDSGDFG APQPQVQSVRRIRDMQ 
WVCYQYPGYRGYQYILECDHHGGDYKHWREWGSHAQTSQIQSIRRIQQ 
Φ Φ Φ ΦΦΦ ΦΦ Φ 
WIFÏELPNÏRGRQYLLDK 
Φ Φ* Φ ···*·· Φ 
WVLYEMPSYRGRQYLLRP 
WIFÏEQPNÏRGRQYFLKP 
Φ Φ 
KEYRKPVDWG 
*· ΦΦΦ 
GEYRRÏLDWG 
GEYKRFSDWG 
Φ »Φ ΦΦ* 
AASPAVQSFRRIVE 
Φ Φ ΦΦ 
AMNAKVGSLRRVMDFY 
SLNARVSSFRRVLDS 
PRARFFÏCEQFDGKEVDLPPGQÏTQAELERïGIDNNTISSVKPQGLA VVLFKNDNFSGDTLPVNS 
• · · ι ι • • ι • • ι 
DAPTLG AMNNNTSSIRIS 
| ι II 
Figure 1 | 
Nucleotide sequence of Вз œRNA. Sequence of the 
Вз-orystallin mRNA (combined sequences of the 
cDNA in pBLBs and the RNA sequence derived by 
the "primer extension" experiment) and the 
corresponding amino acid sequence are shown. G-
and C-talls are not included. 
The tryptlc peptides (T1-T28) Isolated from 
S-fl-amlnoethylated ßs-crystallin (cf. Table 2) 
are indicated. Some peptides were subjected to 
dansyl-Edman degradation, which confirmed the 
(Xl sequence of some residues (pijl). 
Figure 2 
Alignent of ßs-crystallin with représentative 
sequences of the βΎ-ГаміІу and with Hyzococcus 
xanthus protein S. Bovine BB2- and BA3-
crystallln, and bovine ΎΙΙ- and frog ΎΙΙ-
crystallin are Included as the most divergent 
representatives from the eight J- and eleven Ύ-
crystallin sequences used In the tree construc­
tion (Fig 3). The sequences corresponding to the 
two structural domains are aligned separately. 
The remaining N- and C-termlnal extensions of 
the ß-sequences are given at the top of the fig-
ure. Residues shared by ßs and the two ß-
sequences are indicated by Φ above the ßs se-
quence; those in common with the two Ύ-sequences 
by Φ below the ßs-sequence. The symbol » above 
and below the ßs-sequence indicates, where ßs 
shares residues uniquely with ßA3 and βΒ2, or 
with the Y's, respectively. Double asterisks 
mark the probably shared derived replacements in 
ßs- and the Y-chalns, which support their mono-
phyletic relationship. Arrows Indicate the gly-
cine and serine residues, which are essential 
for the "Greek key" motifs, and are absolutely 
conserved in all ßT-crystallins as well as in 
protein S. The symbols under the protein S se-
quence emphasize its sequence similarity with 
the βΎ-crystallIns: (|) residues in common with 
all five shown ßY-sequences; (I) in common with 
four of the five βΎ-sequences; (< ) in common 
with, or chemically very similar (F-Y; D-Ε; K-R; 
I-V) to, at least three of the five ßY-
sequences. 
Amino Acid Bovine ßs Crystallln 
Lys 
Hls 
Arg 
Cys 
Asp 
Thr 
Ser 
Glu 
Pro 
Gly 
Ala 
Val 
Met 
He 
Leu 
Туг 
Phe 
Trp 
(a) 
5.2 
4.2 
8.1 
3.1 
9.3 
2.8 
6.0 
12.2 
il.ll 
8.9 
5.4 
4.6 
2.9 
3.7 
6.1 
6.8 
5.5 
n.d. 
(b) 
5.0 
3.9 
7.3 
3.1 
9.0 
2.8 
6.7 
12.11 
3.9 
7.9 
5.0 
1.5 
3.4 
3.9 
5.6 
6.7 
5.6 
2.3 
(c) 
4.9 
4.1 
7.3 
3.7 
8.9 
2.8 
6.1 
12.6 
3.7 
8.1 
5.7 
4.9 
3.3 
4.1 
5.7 
6.5 
5.7 
2.0 
(d) 
6.0 
3.6 
7.0 
2.8 
9.3 
4.5 
6.9 
13.8 
5.0 
8.3 
4.5 
4.9 
2.6 
3.6 
5.6 
5.8 
4.6 
1.2 
Table 1 
Лшіпо acid сошрозіііоп of bovine 8 a-
crystallln. Values are given as residues/lOO 
residues, a) Composition of purified Bs obtained 
In the present experiments. Values are the aver­
age of duplicate analyses after 24 h, 48h, and 
72 h of hydrolysis. The values of threonine and 
serine are extrapolated to zero time of hydro­
lysis, and those of valine and isoleuclne are 
obtained after 72 h of hydrolysis. Tryptophan 
was not determined, b) Composition of Bs deduced 
from the cDNA sequence (without the initiation 
methionine), c) Composition of Bs according to 
van Dam (1966), and d) according to Croft 
(1973). 
Ox BB2 
Ox 3B1 
Rat 8B1 
Ox SB3 
Rat 8B3 
Ox ВАЗ 
Mouse B23 
Frog 823 
Ox BS 
Frog YII 
Frog YI 
Rat Y1-1 
Rat У2-1 
Human Y2-1 
Human γι-2 
Rat Y1-2 
Ox YII 
Rat Y2-2 
Rat Y3-1 
Rat Y4-1 
Prot S2 
Ox 8B2 
100.0 
56.7 
55.1 
55.9 
53.4 
44.6 
43.0 
42.5 
33.7 
33.3 
34.1 
33.3 
32.2 
3?.8 
32.2 
33.9 
33.9 
33.3 
34.4 
33.3 
19.0 
Ox ВАЗ 
44.6 
50.0 
50.5 
47.8 
44.6 
100.0 
96.2 
89.7 
34.6 
31.7 
32.9 
32.4 
31.9 
33.0 
31.9 
33.5 
35.1 
32.4 
33.5 
32.4 
20.3 
Ox ßS 
33.7 
36.0 
34.3 
37.1 
36.0 
34.6 
34.1 
36.2 
100.0 
53.6 
54.5 
49.1 
50.9 
52.6 
53.8 
54.3 
53.2 
50.9 
50.9 
50.3 
17.1 
Frog YII 
33-3 
36.2 
35.1 
35.6 
34.5 
31.7 
31.1 
33.3 
53.6 
100.0 
65.2 
59.5 
61.9 
58.3 
66.1 
62.5 
63.1 
63.7 
61.3 
60.7 
21.9 
Ox YII 
33.9 
36.1 
34.4 
38.3 
37.2 
35.1 
34.1 
35.7 
53.2 
63.1 
69.2 
81.6 
81.0 
75.3 
83.9 
91.4 
100.0 
81 .0 
79.9 
78.2 
22.4 
Prot 32 
19.0 
20.7 
19.6 
21.7 
21.2 
20.3 
19.8 
19.8 
17.1 
21.9 
17.3 
20.2 
17.9 
19.7 
19.5 
19.5 
22.4 
20.8 
19.7 
19.1 
100.0 
Table 3 
Sequence slailarlties between Bs and other 
BY-crystalllns. The percentages of sequence 
similarity between the optimally aligned se-
quences are given. Also distantly related se-
quences of protein S of Myxococcus xanthus is 
included for comparison. 
Peptide 1 2 3 4 5 6 7 8 9 10 11 12 13 14 
Asp 
Th г 
Ser 
Glu 
Pro 
Gly 
Ala 
AECys 
Val 
Met 
He 
Leu 
Tyr 
Phe 
His 
Lys 
Arg 
Trp 
Purif. 
Charge 
Peptide 
Asp 
Thr 
Ser 
Glu 
Pro 
Gly 
Ala 
AECys 
Val 
Met 
He 
Leu 
Tyr 
Phe 
His 
Lys 
Arg 
Trp 
Purif. 
Charge 
1.0 
1.0 
ABC 
0 
15 
1.7 
0.7 
1.1 
1.2 
A 
+2 
0.9 
1.0 
1.1 
1.0 
A 
+1 
16 
1.8 
1.2 
1.9 
1.2 
1.0 
1.1 
0.9 
0.9 
1.0 
A 
+2 
1.1 
1.0 
1.2 
1.0 
1.8 
0.9 
A 
-1 
17 
2.1 
0.8 
1.1 
1.0 
1.0 
A 
0 
0.8 
1.1 
1.0 
1.0 
1.1 
A 
+1 
18 
2.2 
1.0 
2.2 
+ 
0.8 
A 
-1/-2 
4.0 
0.9 
1.0 
1.9 
+ 
0.9 
1.1 
2.1 
A 
-1/0 
19 
1.1 
2.0 
1.0 
2.2 
0.9 
0.8 
+ 
1.0 
1.0 
A 
1.0 
1.1 
0.9 
1.0 
A 
+1 
20 
1.9 
+ 
0.9 
1.1 
A 
-1/0 0/+1 
1.0 
1.0 
0.9 
1.0 
1.0 
A 
+2 
21 
1.0 
A 
+1 
1.1 
1.0 
2.8 
0.9 
3.1 
2.2 
1.9 
+ 
1.7 
1.1 
1.2 
+ 
A 
0 
22 
0.8 
1.0 
0.9 
1.1 
0.9 
1.1 
A 
+2 
1.0 
1.2 
0.8 
1.1 
1.0 
+ 
0.9 
1.0 
1.1 
A 
0/+1 
23 
0.9 
1.1 
A 
+ 1 
0.8 
0.9 
0.9 
1.0 
1.0 
1.2 
В 
+1 
24 
1.0 
1.0 
2.1 
0.8 
2.0 
A 
+ 1 
1.0 
0.9 
1.0 
1.1 
A 
+1 
25 
1.1 
0.8 
1.2 
AC 
0 
2.2 
2.7 
1.1 
1.8 
0.9 
1.0 
2.1 
1.1 
1.2 
+ 
В 
-1 
26 
1.0 
1.7 
1.1 
1.8 
1.0 
3.3 
1.7 
1.0 
0.9 
1.2 
+ 
A 
+ 1 
2.1 
0.9 
+ 
1.1 
0.9 
+ 
A 
0/+1 
27 
1.0 
A 
+ 1 
2.0 
1.2 
1.1 
1.1 
AC 
0 
28 
1.1 
0.9 
0.9 
AB 
-1 
Table 2 
Ашіпо acid coapoaltlons of the tryptlc pep­
tides of 8-0- aMlnoethylated bovine 09-
cryatallln and Ita cyanogen broeide fragaents. 
Purification procedures were (A) peptide map­
ping at pH 6.5 of tryptlc digest of CNBr-
fragments of AE-gs-crystallln, (B) peptide map­
ping at pH 6.5 of tryptic digest of total AE-
Bs-crystallln, and (C) reelectrophoresis of neu­
tral peptides at pH 3.5. Charges of peptides 
were estimated from their electrophoretlc mobil­
ities at pH 6.5. Peptides containing homoserlne 
were usually found in two charge forms, due to 
partial lactonlzation. Peptide 18 was found with 
charges of -1 and -2, in stead of 0 and -1 as 
expected, which might be due to deamldatlon of 
residue ЮЧ-Азп. Methionine was Identified as 
homoserine and homoserine lactone in peptides 
derived from CNBr-fragments. Homoserine and 
homoserlne lactone could not be determined quan­
titatively. The presence of tryptophan was 
detected by ultraviolet fluorescence of peptides 
after paper electrophoresis and chromatography. 
The amino acid analysis shown for peptide 28 was 
obtained after 72 h hydrolysis. Several pep­
tides (9,10,11,13) have resulted from 
chymotrypsln-like cleavages during the tryptlc 
digestion. 
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Figure 3 
Phylogenetlc tree of the ВТ-зирегГамІ1у. 
This tree was constructed from the augmented 
difference matrix of the β- and γ-sequences as 
mentioned In Materials and Methods, using pro­
tein S as outgroup, which provided the root of 
the tree. The scale is given in augmented per­
centage sequence divergence (PAM-unlts; Dayhoff 
et al., 1978). The four recently published mouse 
Y-sequences (Breltman et al., ^9B¡*), which 
closely resemble the rat sequences, have not 
been Included, but would not have altered the 
branching arrangements. Also the use of the 
unaugmented difference matrix provided the same 
70 80 
PAM-units 
topology, although the branch lengths obviously 
become progressively shorter towards the root of 
the tree. When the motif order 2-1-4-3 for pro-
tein S was used (as proposed by Wlstow et al., 
1985), instead of 1-2-3-4, the only difference 
in the topology was that of the frog Ύ-
sequences. Calculation of the total number of 
required amino acid replacements for the tree 
shown in this figure (285 replacements), showed 
that it is indeed only marginally less parsi­
monious, by a single replacement, to have a 
monophyletic rather than paraphyletic origin of 
the two frog γ-chains. 
Figure 1 
Predicted aodel of the tertiary structure of 
Bs-cryatallin. This model has been constructed 
by computer graphics on the basis of the 1.6 A 
coordinates of bovine YH-crystallln. 
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ι- or ß-crystalllns themselves. This already re-
flects the isolated position of fis in relation to 
the 8- and f-crystallln familles. A more detailed 
analysis of the evolutionary relationship of ßs has 
been performed by constructing a most parsimonious 
phylogenetic tree of the BY-crystallin superfamlly. 
Inclusion of protein S as an outgroup in the tree 
construction procedure enabled the assignment of a 
root to the βΎ-tree, which in turn enables to con­
clude that ßs is indeed more related to the Y- than 
to the ß-crystallins (Fig 3). 
However, the greater sequence similarity of ßs 
with the Y-crystallins (Table 2), and the branching 
arrangement In Fig 3. based on the distance matrix, 
do not per se proof the monophyletlc evolutionary 
origin of ßs and the Y-crystalllns. The branching 
pattern only reflects the actual evolutionary 
course of events if the rates of change In the dif-
ferent lineages have been approximately equal. The 
only strong evidence for common ancestry of pro-
teins is the presence of demonstrable shared 
derived characters in their sequences; but not the 
similarity based on shared primitive (or original) 
residues. Such shared derived characters, i.e. ami-
no acid replacements, can indeed be recognized with 
great probability at least at six positions of the 
ßs and Y-sequences (indicated in Fig 2). The cri-
terion is that the outgroup sequences share the 
same, supposedly primitive (ancestral) residue, 
where ßs and the Y-crystallins share a derived (re-
placement) residue: e.g. Glu in protein S and the 
ß-crystallins becomes Leu in ßs (position 132) and 
the Y-crystallins. Notable too is that five out of 
the six cysteines in ßs are uniquely shared with 
the well-conserved and characteristic cysteines of 
the Y-crystalllns. It appears that the cysteine-
content has increased towards the Y-crystalllns. 
Although the distinction between paralogously 
and orthologously related β- and Y-crystallin gene 
products is hardly possible, and the probable 
conversion events between tandemly linked genes 
(e.g. the rat Y-crystallins) may bias their in­
ferred evolutionary distances, it can safely be 
concluded that the separation of the ßs-gene oc-
curred before the divergence of the ancestors of 
frog and mammals (Fig 3). This means that ßs-
crystallln might In principle be present in all 
tetrapod vertebrates, and perhaps in fishes as 
well. 
Predicted tertiary structure of gs-crystallln 
Bovine ßs shows the same fourfold Internally re-
peated structure of four motifs which Is present in 
all βγ-crystallin polypeptides for which the se­
quence has been determined (Berbers et al., 1984; 
Schoenmakers et al., 1984). This is reflected in 
the three-dimensional structure of bovine YII-
crystallin, which consists of two similar globular 
domains, each comprising two similar "Greek key" 
motifs (Blundell et al., 1981; Wistow et al., 1983; 
Summers et al., 1984). The two domains are packed 
together with a single connecting peptide, and are 
related by a pseudo-twofold axis. In each domain 
the two "Greek key" motifs form a pair of four-
stranded antiparallel ß-pleated sheets, each of 
which is composed of three strands from one motif, 
and one from the other. In the sequence of ßs 
those residues which are crucial for a YII-like 
structure are completely conserved: Gly 17, 56, 105 
and 146 have torsion angles which cannot be formed 
with other residues, while Ser 38, 81, 128 and 171 
provide stabilization of a "Greek key" motif by 
hydrogen-bonding to a main chain NH. The sequence 
of 03 can therefore easily be modelled by computer 
graphics methods into the four motif structure of 
YII-crystallin (Fig 4). In the core of ßs the four 
tryptophans occupy the same central positions as in 
the ΎΙΙ structure. 
DISCUSSION 
The structural analysis of bovine Bs-crystallin 
completes the picture of the presently known 
members of the BY superfamlly. The primordial BY 
gene must have originated in the ancestral line of 
the vertebrates, from some preexisting gene. The 
protein S of Мухососсиз xanthus may give us a vague 
inkling of the nature of such an ancestral gene 
(Wistow et al., 1985). An even more distant simi­
larity may exist between ßY-crystalllns and the hu-
man c-myc oncogene product (Crabbe, 1985). 
The Intragenic duplications leading to the 
four-motif structure of the BY-crystalllns must 
have occurred before the gene duplications which 
gave rise to the ancestors of the present-day fami-
lies of ß-, ßs- and Y-crystalllns. The Y-
crystallln genes further duplicated, giving rise, 
in the rat, to six closely linked genes, which by 
concerted evolution may have maintained their se-
quence similarity. Also the ancestral ß-crystallin 
gene has repeatedly duplicated early in evolution, 
resulting in the presence of multiple ß-crystallin 
subunits in all Investigated vertebrates. At least 
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seven different ß-chalns are present in the bovine 
lens (Berbers et al., 1984), and orthologous gene 
products are found in mouse, man and chicken (Pia-
tigorsky et al., 19θΐ|). In the course of evolution 
the ß-cryatallins have acquired an N-terminal se-
quence, which probably extends from the compact 
two-domain structure of the protein, and possibly 
favors the interaction with other proteins. These 
N-terminal arms are, at least in rat $B1, encoded 
by a separate exon, and show little or no sequence 
similarity amongst the different orthologous ß-
chains (Berbers, 1984; Piatigorsky et al., 1984). 
Only a single type of ßs polypeptide, without 
any charge or size heterogeneity, seems to be 
present in the bovine lens, which suggests it to be 
the product of a single gene. Considering its an-
cient divergence from the Y-crystallln lineage, the 
ßs gene might well be present in all vertebrate 
classes. Apart from bovine, ßs has been reported in 
rat and human lenses (Kabasawa et al., 197?! Bin-
dels et al., 1981¡ Harding and Crabbe, 1984¡ Zigler 
et al., 1981; Croft, 1973), although without solid 
identification. Also the low molecular weight pro-
tein from avian lenses has been suggested to be 
ßs-like, rather than a γ-crystallín (McDevltt and 
Croft, 1977). Treton et al. (1984) could Indeed not 
detect any Y-crystallln mRNA or γ-crystallln genes 
or pseudogenes in the chicken. 
The present results establish a molecular mass 
of 20,773 for ßs, which should settle the contro-
versy about its size, variously reported as Mr 
22,000 and 28,000 (van Dam, 1966; Bindels et al., 
1981, 1982; Zigler et al., 1981), depending on the 
method of analysis. Whether apart from ßs and Y-
crystallln yet another low molecular weight 
monomenc protein, designated as Y -crystallln is 
H 
present in mammalian lenses is still a matter of 
debate. 
In the course of evolution ßs and Y-crystalllns 
not only have diverged in their structure, but also 
in their expression during development. While the 
synthesis of Y-crystallins sharply decreases after 
fetal life, the synthesis of ßs-crystallin in-
creases with age, both in bovine and in human 
lenses (van Dam, 1966; Croft, 1973; Slingsby and 
Croft, 1973). 
From comparison of the sequences of ßs and the 
ßY-crystallin polypeptides it is apparent that the 
overall length of ßs Is more similar to that of the 
Y's. However, it does not have the very small C-
terminal tail (one or two residues) of the Y's. In 
this respect It resembles the acidic ß-chains (ВАЗ, 
ß23). At the N-terminus there is an extension, 
which is normally characteristic for the ß-
crystallin polypeptides (Berbers et al., 1984). 
There are indications that these N-terminal arms 
play an important role in the aggregation behavior 
of the ß-subunits (Wistow et al., 1981; Berbers et 
al., 1983b). It seems very likely that the N-
terminal arm of ßs with only 4 residues is too 
short, compared with a normal length of 12 to 57 
residues, to have a significant effect on aggrega-
tion. One of the crucial conditions for ß-type 
behavlor would therefore not be fulfilled. 
Moreover, when comparing the charged residues of 
ßs with those of the β- and the Y-famllies, it is 
found that most of the conserved ones In the Y-
family are also conserved in ßs, while this po-
lypeptide has not a single conserved charged resi-
due which is specific for the ß-family. The dis-
tribution of these residues on the surface of ßs is 
fairly even and therefore very similar to those of 
the Y's. This is in contrast to the charge distri-
bution in the ß-chains, which show distinct hydro-
phllic patches on top of the N-terminal and at the 
bottom of the C-terminal domain. This may be Impor-
tant for their aggregation interactions (Wlstow et 
al., 1981; Drlessen et al., in preparation). This 
means that the second important condition for ß-
type behavior is not met. 
Furthermore, it Is very likely that at the high 
concentration of the crystalline In the lens, these 
proteins tend to be as compact as possible. Differ-
ences In the connecting peptide and the Interdomain 
contacts for the various ßY-polypeptides could have 
an effect on the relative freedom of the domains 
with respect to each other and thereby influence 
the overall shape of a molecule. In this respect it 
should be noted that most Y-crystallin polypeptides 
have one residue less in the connecting peptide 
than YII (Schoenmakers et al., 1984), which may 
help to keep the two domains together as seen in 
the three-dimensional structure of YIV (Driessen 
and White, 1985, in press), ßs actually has an 
insertion in the connecting peptide compared with 
YII. Analysis with secondary structure prediction 
programs showed that the region around the inser-
tion was likely to be in a reverse turn conforma-
tion. Residues 89-92 were built as a ß-turn of type 
II, causing the two domains to be linked firmly to-
gether via the connecting peptide. This might 
prevent any relaxation otherwise caused by the ex-
tra residue in the connecting peptide. This extra 
insertion with respect to YII Is also seen In ßB3 
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(Berbers et ál., ІЭвЧ). Moreover, the β-crystallin 
polypeptides appear to have another means of secur­
ing the compactness of the structure compared with 
YII, аз suggested by the possible presence of two 
Ion pairs in their interdomain region at both sides 
of the central pseudo twofold axis (Driessen et 
al., in preparation). The residues which make up 
these ion pairs have been replaced by basic resi­
dues only In the case of the Y-crystallln polypep­
tides (Schoenmakers et al., 1981). In this respect 
ßs appears to take an intermediate position between 
the $- and Y-crystallins. Arg 83 most likely 
forms an ion pair with Asp 152, while Arg 173 can-
not have an ionic interaction with Pro 62. 
The three features of the Bs structure described 
above make It clear, that although this polypeptide 
has some fi-like structural characteristics the 
overall structure is more like that of the γ-
crystalllns. One therefore wonders if the name 
YF (YFast) might be a better description for this 
polypeptide. 
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ABSTRACT 
The mole (Talpa europaea; Insectívora) and the 
mole rat (Spalax ehrenbergi; Rodentla) both have 
degenerated eyes as a convergent adaptation to sub-
terranean life. The rudimentary eye lenses of these 
blind mammals no longer function for the visual 
process. The crystallln genes, which display a 
lens-speclf1c expression pattern, were studied in 
these blind mammals and in related species with 
normal eyes by hybridizing their genomic DNAs with 
probes obtained from cDNA clones for aA-, aB- and 
ßBp-crystallins from calf, and Y3-crystallin from 
the rat. For all crystallln genes examined the hy-
bridization signals of mole and mole rat genomic 
DNA were comparable with those of shrew, rat and 
mouse as representatives with normal vision of the 
orders Insectívora and Rodentia, respectively. 
The expression of the crystalllns at the protein 
level was tested by using antiserum specific for 
a-crystallin in immunofluorescence reactions on 
lens sections of mole and mole rat eyes, and an-
tisera against the β- and Y-crystallins on sections 
of the mole eye. All antisera gave positive 
fluorescence reactions exclusively with lens tissue 
of these blind mammals. Indicating that the cry­
stalllns are still normally expressed despite of 
the fact that these lenses have no function for the 
sight of these mammals since at least many millions 
of years. These findings apparently imply that some 
unknown selective advantage has conserved the cry­
stallln genes and their expression after the loss 
of normal function of the lenses. 
INTRODUCTION 
In the past two decades much information has be­
come available on the evolutionary changes of genes 
and proteins. Most of this information has been ob­
tained from comparative studies of functionally 
normal proteins and their genes. But what happens 
with genes and proteins which have lost their bio­
logical function in the course of evolution? What 
types of changes, and at what rates, do they under­
go as compared to their functional counterparts? 
Such knowledge might complement our understanding 
of neutral and adaptive processes in molecular evo­
lution. 
The analysis of pseudogenes, which are redundant 
and inactive copies of functional genes, has In 
fact already shown that these silenced genes, free 
from selective constraints, evolve at a much higher 
rate than the coding genes from which they ori­
ginate (e.g. Miyata and Yasunaga, 1981; Lee et al., 
1983). An entirely different and unique opportunity 
to study the evolutionary effects of the loss of 
functional constraints on genes and proteins Is of­
fered by the rudimentary eyes of many subterranean 
or cave-dwelling vertebrates. Because much is known 
about the structural and evolutionary characteris­
tics of the lens-speclf1c proteins, the crystal­
line, in vertebrates with normal visual capacities 
(Bloemendal, 1981), we have now begun a comparative 
study of the crystalllns and their genes in two 
blind mammals, the mole (Talpa europaea) and the 
mole rat (Spalax ehrenbergi). Both species are 
considered to be effectively blind, and this adap­
tation is an example of evolutionary convergence 
that Is attributable to subterranean life (Nevo, 
1979). The eyes of these animals are degenerated 
and their structures represent an unusual per­
sistence into adult life of features classically 
associated with early pre-natal development in the 
normal mammalian eye (Cel, 1916; Quilllam, 1966). 
The lenses, for example, lack the normal differen­
tiated fiber cells and all lens cells contain a nu­
cleus. 
In vertebrate lenses the crystalllns are the 
principal structural proteins and account for al­
most 90Ï of the watersoluble protein (reviewed In 
Harding and Dilley, 1976; Bloemendal, 1981). There 
are four immunologically distinct major classes, 
called α-, β-. Y- and δ- crystalllns, of which the 
last only occurs In birds and reptiles. Compara­
tive studies of the crystallln polypeptides have 
revealed a high degree of evolutionary conservation 
of these lenticular proteins. The four main 
classes of crystalllns are each composed of multi­
ple polypeptides which, except for Y-crystallins 
and ßs crystallln, form multimeric proteins. The 
polypeptides within a class of crystalllns have re-
lated amino acid sequences and share antigenic 
determinants. Analysis of the amino acid sequences 
of the A chain of a-crystallin from 45 vertebrate 
species has provided a detailed picture of the evo-
lutionary history of this protein, and showed its 
usefulness in the study of mammalian phylogeny (de 
Jong, 1981). 
The development of recombinant DNA technology 
allows direct examination of the crystallln genes. 
Recently crystallin-specific cDNA clones have be-
come available (Dodemont et al., 1981; Quax-Jeuken 
et al., 1985; Inana et al., 1983), that can be used 
as probes for the detection of crystallln sequences 
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in the genomes of blind animals. Here we report 
the demonstration of crystallin DNA sequences In 
the genomes of mole and mole rat. The expression of 
the crystalllns at the protein level has been exam­
ined by immunofluorescence studies on sections of 
the rudimentary eyes of mole and mole rat, using 
antisera prepared against bovine crystalllns. 
MATERIALS AND METHODS 
Animals 
Livers and heads were obtained immediately after 
death from adult specimens of two species of 
"blind" mammals : the european mole, Talpa euro-
paea, and the Palestine mole rat, Spalax ehrenber-
gi. Livers were stored in liquid nitrogen, or, for 
— о 
shorter periods (a few days) at -20 С before furth­
er use. Eyes, with some surrounding tissue, were 
immediately dissected and put into fixation fluid. 
The mole rat was of the chromosomal species 2n=52 
(Nevo, 1982). For comparative purposes four other 
species, with normally developed eyes, were used: 
rat (Rattus norveglcus) and mouse (Mus musculus), 
which are rodents like the mole rat, shrew (Sorex 
araneus), which is an insectivore like the mole, 
and calf (Bos taurus). The latter was included in 
our experiments, because most of the cDNA clones 
used in the hybridization experiments were made 
from bovine mRNA. 
Blot analysis 
Chromosomal DNA was isolated from liver tissue 
of the different species using standard methods 
(van der Putten et al., 1979). Equal amounts of the 
genomic DNAs were digested to completion with the 
restriction enzymes EcoRI, BamHI and Hlndlll, and 
electrophoresed on 0.6Í agarose gels. Transfer of 
DNA to nitrocellulose filters was performed accord-
ing to Thomas (1980). Prehybridization and hybridi-
zation were conducted under standard conditions 
with 50Í formamide, 5x SSC (0.75 M NaCl, 0.075 M 
sodium citrate pH 7.0), 5 mM EDTA, 100 ug/ml her-
ring sperm single-stranded DNA, 20 mM sodium phos-
phate pH 6.8, 0.1Ï SDS (sodium dodecyl sulfate) and 
1x Denhardt's (0.02Í BSA, 0.02Í Ficoll 400, 0.02Í 
polyvinylpyrrolidone) at 12 С (Wahl et al., 1979) 
θ 
and with nick-translated plasmid probe (1-5x10 
cpm/yg), respectively. After hybridization filters 
were washed twice with the hybridization solution 
(without the probe) at 12 С for 1 hr, twice with 2x 
о 
SSC, 0.1 % SDS at 55 С for 15 min and, in some more 
stringent cases, at 60 С with O.lxSSC, 0.1ІІ SDS for 
another 15 min. cDNA clones specific for the bovine 
lens crystalllns BBp (pBLflBp), aA (pBLaA) and aB 
(pBLaB) were used as probes in the hybridization 
assay. The construction of these clones is detailed 
in Quax-Jeuken et al., 1985. The Y-crystallin probe 
was a mixture of three PstI fragments of the insert 
of the rat T-crystallin cDNA clone pRLT3 (Dodemont 
et al., 1981). 
Preparation of lens sections 
Dissected eyes of mole and mole rat were fixed 
in Carnoy4s and Bouin's fluid, respectively, and 
imbedded in paraffin. Serial sections of 4 μιη were 
cut in parallel orientation to the axis of the eye. 
Sections that contained lens tissue were used for 
immunofluorescence reactions or stained with haeraa-
toxyline and azofloxlne (Romeis, 1968). 
Preparations of antibodies 
Rabbits (2.5-3.О kg) were injected subcutaneous-
ly with 0.6 ml of a 1:1 (v/v) mixture of complete 
Freund's adjuvant and a solution (Img/ml) of bovine 
a-, fl- or Y-crystallins, purified by repeated gel 
filtration over Ultrogel АсАЗІ. After 6 weeks the 
rabbits were bled and the Y-globulin fraction of 
the serum was obtained by affInlty-chromatography 
on a Proteln-A-Sepharose column. We also used an 
antiserum prepared against the bovine 881 chain, 
that was purified by preparative sodium dodecyl 
sulphate Polyacrylamide gel electrophoresis (J. 
Mulders, unplubllshed data). Immunoelectrophoresis 
and Immunodiffusion analysis established the speci­
ficity of the antisera for each of the crystallin 
fractions (results not shown). 
Immunofluorescence on lens sections 
The Indirect technique of Coons (1956) was used 
throughout with some modifications. Deparaffinized 
sections were hydrated and treated with rabbit 
pre-immune serum for 30 rain to avoid unspecific 
binding. After rinsing In Veronal buffer pH 7.1, 10 
min, the sections were treated with the rabbit an­
tisera against a-, fl- or γ- crystallin for 30 min. 
After rinsing again in Veronal buffer the slides 
were treated with goat Y-globullns, conjugated with 
fluorescein isothlocyanate (Roboz, Washington 
D.C.), directed against rabbit Y globulins. After 
30 min the sections were rinsed again for 10 min in 
Veronal buffer, and mounted with 50Í glycerol 
(v/v). 
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RESULTS 
Detection of crystallln sequences in the genomes of 
mole and mole rat 
To test the genomic DNA of mole and mole rat for 
the presence of crystallln sequences we used cDNA 
clones of bovine and rat crystallins as probes In 
hybridization assays. We constructed cDNA clones of 
bovine lens mRNAs, that were identified by means of 
hybridization selection translation followed by 
one- and two-dimensional gel electrophoresis of the 
translational products. We obtained clones specific 
for aA (pBLaA) and for aB (pBLaB) (to be published 
elsewhere), and for five different ß-crystallin 
subunits among which a ßBp cDNA clone (pBL$Bp) 
(Quax-Jeuken et al., 1985). The insert of the rat 
Ύ-crystallin cDNA clone (pRLY3) was used as the Ύ-
crystallln probe (Dodemont et al., 1981). 
The genomic DNA from mole (insectivore) and mole 
rat (rodent) was digested with the restriction en­
zymes EcoRI, Hindlll and BamHI. For comparison with 
these hybridization signals, we also digested the 
genomic DNA of representatives with normal eyes of 
the different orders to which these blind animals 
belong, a shrew (insectivore) and mouse and rat 
(rodents). Furthermore bovine genomic DNA was in­
cluded In our experiments because most of the 
probes in the hybridization assays were cDNA clones 
from bovine mRNAs. BamHI and Hindlll digests of 
DNAs from rat, mole rat, mole, shrew and calf were 
hybridized with the clone pBLaA (Figure 1A). An 
EcoRI and a BamHI digest of the DNAs of the same 
species plus the mouse were hybridized with pBLaB 
(Figure IB) and with pRLï3 (Figure ID), and another 
EcoRI digest with clone pBLßBp (Figure 1С). All 
species showed clear bands under the rather 
stringent conditions used (see Materials and 
Methods), with only one exception. For the shrew we 
could not detect any hybridization signal with the 
aA probe, neither in the BamHI nor in the Hindlll 
digest (Figure 1A, lane d). The meaning of this 
finding is not clear. It seems unlikely that the 
aA gene Is absent, since it is present in all in­
vestigated mammals, Including the insectivores, 
hedgehog (de Jong, 1961) and mole. Perhaps oA se­
quences of the shrew are located on DNA fragments 
that are too large to be electrophoresed into the 
gel or too small to be recovered with the blotting 
and hybridization procedures. 
Immunofluorescence studies on lens eye sections 
The expression of the different crystallln genes 
in the lenses of mole and mole rat was examined by 
immunofluorescence experiments with antisera 
specific for α-, β- and γ-crystalllns. Dissected 
eyes of mole and mole rat were fixed and imbedded 
in paraffin. Serial sections were stained and ex­
amined under the microscope (Figure 2A-B and 3A-B). 
Especially the morphology of the eye of the mole 
rat (Figure ЗА) deviates greatly from the general 
bauplan of the mammalian eye, showing several 
unusual structures, including a rudimentary lens, 
undifferentiated sclero-choroidea, poorly developed 
retina, indistinct iris and ciliary body developed 
Into an enormous anterior pigmented and folded 
mass, an embryonic-like vitreous body, absence of 
eye muscles, and an extremely hypertrophic Harderi-
an gland (Cei, 1946). The lenses of both mole and 
mole rat (Figure 2B and 3B) are entirely composed 
of nucleated cells, and in this respect resemble 
the lenses of normal mammals in the early stages of 
pre-natal development. The mole lens still has re­
tained the characteristic lens-shape, whereas some 
differentiation from the anterior epithelial cell-
layer into the irregularly elongated or enlarged 
posterior cells can be observed. By contrast, the 
lens of the mole rat consists of an Irregularly 
shaped mass of apparently undifferentiated cells. 
In fact these cells display degenerative features, 
like cytoplasmic clearing and vacuolization, which 
have been likened to certain pathologic conditions 
in the human cataractous lens (Cei, 1946). 
Comprehensive anatomical and histological descrip­
tions of the degenerated eyes of mole rat and mole 
have been given by Cei ОЭЧб) and Quilliam (1966), 
respectively. 
Sections of the mole eye that contained lens 
tissue were treated with the antisera against a-, 
β- and Y-crystalllns (Figure 2C-E). Sections of 
the mole rat eye have only been treated with an­
tiserum against a-crystallin (Figure 3C). The immu­
nofluorescence reactions with all antisera were po­
sitive in the lens of the mole eye and the same 
holds true for the a-crystallin antiserum In the 
lens of the mole rat eye. Immunofluorescence was 
not seen in other ocular tissues than the lens. Re­
placement of the antiserum by normal rabbit serum 
abolished the reaction. This led us to conclude 
that mole and mole rat display a lens-specific cry­
stallln expression. 
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Figures 1 A-D. 
Detection of crystallln sequences in the mole 
(Talpa europaea) and mole rat (Spalax 
ehrenbergi ) • 10 pg amounts of DNA from mole 
and mole rat and several related species were 
digested with restriction enzymes, run on 0.6Í 
agarose gels, blotted onto nitrocellulose and 
hybridized with nick-translated cDNA clones of 
oA-, αΒ-, ßBp and Y3-orystallln. Hybridization 
was under rather stringent conditions, as 
described in materials and methods. HindlXI dig-
ests of λ DNA were used as mol. wt. markers. 
B. DNA blot hybridization with the aB-crystallin 
probe. An EcoRI digest (I) of DNA from rat (a), 
mouse (b), mole rat (c), mole (d) and calf (e) 
and a BamHI digest (II) of DNA from mole (a), 
shrew (b) and calf (c) were hybridized with the 
bovine αΒ- crystallln probe pBLaB. 
DNA blot hybridization with the aA-crystallln 
probe. DNA from rat (a), mole rat (b), mole 
(c), shrew (d) and calf (e) were digested with 
BamHI (I) and Hindlll (II) and hybridized with 
the bovine cDNA clone pBLaA. λ/HindIII fragment 
sizes are indicated. 
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Blot hybridization with the BBp-crystallin 
probe. DNA from rat (a), mouse (b), mole rat 
(c), mole (d), shrew (e) and calf (f) were dig­
ested with EcoRI and hybridized with the bovine 
BBp cDNA clone pBLBBp. Sizes of λ/HindIII frag­
ments are indicated. 
D. Blot hybridization with the Y3-crystallin probe. 
An EcoRI digest (I) of rat (a), mouse (b) and 
mole rat (c) and a BamHI digest (II) of rat (a), 
mole rat (b), mole (c), shrew (d) and calf (d) 
were hybridized with the nicktranslated 13 probe 
of the rat (pRLYB) 
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Figure 2 
(a). Section of the mole eye stained with 
haematoxyline-azofloxine: C. cornea; AC. anteri­
or chamber; L. lens; I. iris; Ch. choroid; VB. 
vitreous body; R. retina. (b). Magnification 
of the mole lens. Note the nuclei in the 
elongated cells. LE: lens epithelium. (c). 
The presence of crystallins shown by indirect 
immunofluorescent staining with anti-a-
crystallin antiserum, (d) with antl-BBI-
antiserum and (e) with anti->-crystallin an­
tiserum. 
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(a) Section of the mole rat eye stained with 
haematoxyllne-azofloxlne: С cornea; I+CB. iris 
and ciliary body {note the massive accumulation 
of pigmented cells); L. lens; VB. vitreous body; 
Ch. choroid; R. retina; AC. adipose capsule. We 
could not detect a pupillary opening, which ac­
cording to Cei (1946) should be present. (b) 
Magnification of the mole rat lens. (o) The 
presence of α-crystallln is shown by indirect 
immunofluorescent staining with anti-o-
orystallin antiserum. 
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DISCUSSION 
The mole and mole rat are considered to be 
"blind" animals, an adaptation to subterranean life 
(Nevo, 1979). While the mole may still be capable 
of some form of light/dark discrimination (Lund and 
Lund, 1965), the mole rat does not respond to light 
stimuli at all (Haim et al., 1983). Whether the 
atrophied eyes of these species, after the loss of 
their visual function, may have retained or 
developed other functions, like the perception of 
photoperiodicity (Haim et al., 1983; Pevet et al., 
1984), is still a matter of further investigation. 
Because eyes do not fossilize, it is obviously 
difficult to establish precisely the evolutionary 
time since the beginning of the degeneration of the 
eyes in the ancestors of moles and mole rats. How­
ever, the fossil evidence shows that the earliest 
known representatives of the family Spalacidae, 
from the lower Miocene (approximately 25 million 
years ago), had already adapted to a burrowing, 
subterranean way of life (de Bruijn, 1985). Simi­
larly, the oldest fossil remnants of typical moles, 
family Talpidae, are known from the upper Eocene 
(approximately Ί5 million years ago) (Sige et al., 
1977). The process of degeneration of the eyes of 
these mammals is thus likely to have started short­
ly after adopting a fossonal life. 
Despite the loss of normal structure and func­
tion of the lens in mole and mole rat, our hybridi­
zation experiments show that the genes for lens-
specific proteins, the crystallins, are conserved 
during the evolution of these species. The ap­
parent conservation of the crystallin genes in 
blind animals seems remarkable, since one might im­
agine that acceptance of mutations in these genes 
has no longer been constrained by selective forces 
at the protein level after the loss of functional 
eyes. Such supposedly functionless genes could 
thus be expected to be freer to accumulate base 
substitutions, deletions and insertions than coding 
genes, analogous to the evolution of pseudogenes. 
Sequence analysis of an α-globln pseudogene (Miyata 
and Yasunaga, 1981) and three ß-tubulin pseudogenes 
(Lee et al., 1983) indeed revealed that the rate of 
evolutionary change of these silenced genes can be 
nearly twice the rate of silent site substitutions 
in active genes, which is approximately 1Ϊ per mil­
lion years (Jeffreys, 1982). The rate of substitu­
tions in fully functionless and unconstrained 
"junk" DNA has also been predicted to be between 1 
and 2% per million years (Jeffreys, 1982). After 
25-45 million years of unconstrained evolution one 
could expect that the homology of the crystallin 
genes is below the detection limit in DNA-
hybrldization experiments. Nevertheless, the in­
tensity of the hybridization bands is roughly com­
parable to that in their rodent and insectivore re­
latives with normal eyes, giving no evidence that 
nucleotide substitutions have occurred at ac­
celerated rates in the crystallin genes of the 
blind mammals. The hybridization patterns of all 
species examined are rather similar for a particu­
lar crystallin class (Figure 1 A-D). oA-crystallin, 
a single copy gene (King and Piatigorsky, 1983; 
Dodemont, 1984), gives only one or two bands in the 
genomes of all species except the bovine BamHI dig­
est which shows three bands. The same holds true 
for the hybridization patterns with the aB- and the 
ßBp-probe: only two or three bands can be detected 
in each lanes. 
For the T-crystallins we see a more complicated 
pattern. The Y-crystallins in the rat are encoded 
by six linked genes which show more than 90% se-
quence homology in the coding regions (Moormann, 
1984). This great similarity results in cross-
hybridization even under the stringent washing con-
ditions we used. After hybridization with the rat 
γ-crystallln probe we see several bands in the 
lanes of rat, mouse, mole rat and calf. But the in­
sectivores mole and shrew (Figure ID II lanes с and 
d) reveal only one band of 15 Kb and 30 Kb, respec­
tively. This simple pattern for Ύ-crystallin se­
quences is perhaps characteristic for the insec­
tivores. It may either indicate that the insec­
tivores have fewer Ύ-crystallln genes than the oth­
er mammals we examined, or that these genes have no 
BaraHI sites between them. 
The Immunofluorescence experiments on sections 
of the eyes of the mole demonstrate that the cry­
stallin genes are still effectively expressed , 
since all crystallin antisera used gave positive 
reactions. Similarly, a-crystallin was shown to be 
present in the rudimentary eye lens of the mole 
rat. 
If one considers that base substitutions in un­
constrained DNA sequences are estimated to occur at 
rates of up to 2% per million years (Jeffreys, 
1982), and that also deletions and insertions are 
hardly less frequent evolutionary events (De Jong 
and Ryden, 1981), one might expect that after the 
loss of selective constraint on a protein the 
corresponding gene should certainly be silenced by 
nonsense and frame-shift mutations within a few 
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million years. The fact that the crystallin genes 
are still expressed in the degenerated lenses of 
mole and mole rat can, according to current opin-
ions about molecular evolution (e.g. Wilson et al., 
1977), only be explained by assuming that the abil-
ity to synthesize crystallins bestows some as yet 
unknown selective advantage upon these animals. 
It will be interesting to see if this presumed 
selective pressure has conserved the crystallin am-
ino acid sequences in mole and mole rat as rigidly 
as it has done in other mammals. This can be done 
by deriving these amino acid sequences from the nu-
cleotide sequences of the crystallin genes in mole 
and mole rat. Studies at the sequence level are 
important for understanding some of the basic rules 
that govern DNA evolution. The relationship 
between biochemical and organismal evolution can 
only be understood by integration of knowledge from 
fields like paleontology, physiology and morphology 
with that of biochemistry and molecular genetics. 
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ABSTRACT The nucleotide sequence of two recombinant 
plasmids containing hamster vimentm cDNA was determined. The 
sequence comprises 1,640 base pairs and reveals virtually the total 
primary structure of vimentin and a large part of the 3' noncoding 
region. Secondary structure prediction methods allow the char­
acterization of two distinct regions of the polypeptide chain, 135 
and 145 residues long, which are able to form a helices organized 
in "coiled coils." Three nonhelical domains can be distinguished: 
a very basic NHg-terminal domain of at least 67 residues, a non-
helical region of 45 amino acids separating the two helix domains, 
and a COOH-terminal region of 55 residues, which contains an 
excess of acidic amino acids. The meaning of each of these do­
mains of the vimentin polypeptide for the subunit and filament 
formation is discussed. 
Intermediate-size (7-11 nm) filaments (IF) have been found, in 
addition to microtubules and microfilaments, as cytoskeletal 
structures in most eukaryotic cells Immunological and bio­
chemical studies have resulted in the recognition of five major 
IF protein subunit classes, each related to certain cell and tis­
sue types the epithelial cytokeratins, the muscle desmin, the 
neurofilament proteins, the astrocyte glial filament protein, and 
vimentin found in cells of mesenchymal origin (1, 2) The latter 
also is expressed in many, if not all, cultured cell lines (3) In 
spite of a lack of immunological crossreactivity, the structural 
proteins of IF must have several common properties because 
they constitute filamentous structures with similar morpholog­
ical characteristics (4, 5), and frequently they show an end-on 
attachment to the plasma membrane (6) Moreover, they are all 
nearly insoluble in physiological buffers Mainly because of this 
insolubility, little is known about the chemistry of the individ­
ual IF proteins 
Nevertheless, in some of the IF proteins, the presence of ot-
hehcal segments, which are assumed to be able to form "coiled 
coils, " has been shown (7, 8) Steinert and co-workers (5) have 
proposed a general model for the IF proteins of baby hamster 
kidney BHK-21 cells and bovine keratinocytes, which consist 
of two constant α-helical domains equal in length [180 Â, 18-
20 kilodaltons (kDa)] and separated by a nonhelical domain of 
variable size (5-17 kDa) Three adjacent polypeptides are as-
sumed to be arranged as a three-stranded rope constituting the 
so-called protofilamentous unit Limited chymotryptic cleav-
age and circular dichroism determination of purified chicken 
desmm revealed three structurally distinct domains of the pro-
tein a very basic and highly protease-sensitive nonhelical NH2-
terminal domain of 7 5 kDa, a rod-like domain of 38 kDa (500 
A), which is very neh in helix structure (83%), and a non-a-heh-
cal COOH-tenminal tailpiece of 5 5 kDa (9) These findings 
concerning the secondary structure of IF subunits would be 
The publication costs of this article were defraved in part by page charge 
payment This article must therefore be hereby marked "advertise-
ment" in accordance with 18 U S С §1734 solely to indicate this fact 
more clearly understood at the molecular level if there were 
information available on the ammo acid sequence of their pro­
teins The primary structures of desmin and vimentin are only 
known in part Comparison of the amino acid sequence of the 
COOH-terminal 178 residues of porcine stomach desmin and 
lens vimentin showed that these molecules are closely related 
and differed in only 36% of their residues (10-12) 
However, the primary structure of a large part of desmin 
and a major part of vimentin are still unknown We choose the 
way of constructing plasmids containing cDNA coding for vi­
mentin to determine the primary structure of this protein This 
paper presents the virtually total primary structure of hamster 
lens vimentin derived from the nucleotide sequence of two cDN A 
clones The predicted secondary structure is discussed in re­
lation to IF organization 
MATERIALS AND METHODS 
Isolation of Recombinant Plasmid DNA. The construction 
of bacteria] plasmids containing sequences homologous to ham­
ster lens vimentin mRNA inserted into the Pit I site of pBR322 
by oligo(dG'dC)-tailing and the subsequent transformation of 
Escherichia coli HB101 have been described (13) Colony hy­
bridization and plasmid DNA extraction were performed as re­
ported (14, 15) 
Restriction Endonuclease Mapping and DNA Sequence 
Analysis. The locations of restriction enzyme sites on the in­
serted DNA were determined by digesting plasmids containing 
cDNA coding for vimentin (pVim-1 and pVim-2) with one or 
more restriction enzymes and analyzing the fragments on 5% 
Polyacrylamide gels containing 90 mM Tns borate buffer (pH 
8 3) and 2 5 mM EDTA Restriction fragments were recovered 
from the gel by electroelution, precipitated, and washed with 
ethanol The purified DNA fragments were labeled, and the 
sequence was determined by established procedures (16, 17) 
The DNA sequence was recorded, edited, translated, and com­
pared by using the computer programs of Staden (18) For the 
prediction of secondary structure, the heptade convention (19) 
was used, moreover, the rules of Chou and Fasman (20) were 
applied for the same goal 
RESULTS AND DISCUSSION 
DNA Sequence and Predicted Polypeptide Sequence. We 
have reported (13) the construction of recombinant plasmids 
containing sequences homologous to vimentin mRNA Two 
clones pVim-1 and pVim-2, which directed the synthesis of vi­
mentin, were selected upon positive hybridization translation 
for sequence assay by the method of Maxam and Gilbert (16). 
The combined restriction map of the two clones and the se-
Abbreviations kDa, kilodaltons, bp, base pairs, IF, intermediate size 
filament 
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quence assay strategy are presented in Fig. 1. Both 5'- and 3'-
labeling methods were used. The combined nucleotide se­
quence of pVim-l and pVim-2 (Fig. 2) comprises 1,640 base 
pairs (bp). This is more than 80% of the mRNA information, of 
which the length was estimated at about 2,000 bases (13). All 
of the sequences shown were established by sequence analysis 
of both strands. In the combined sequence of Fig. 2, the G-C 
tails, introduced during cloning are not shown. 
There is only one reading frame of sufficient length to spec­
ify a protein with the size of vimentin, which has been esti­
mated to be 52,000 to 55,000 daltons (1). This coding region 
contains 1,344 bp coding for 448 amino acids. The NH2-ter-
minal part of the derived polypeptide sequence (residues 1-60) 
shows a very basic character because of the presence of nine 
arginine residues and only one acidic amino acid (glutamic acid). 
The remaining part of the polypeptide has an excess of acidic 
residues and shows a pronounced hydrophilic character. In spite 
of this hydrophilic nature of a major part of vimentin, this IF 
protein is almost insoluble in physiological buffers. Probably 
secondary structure interactions are responsible for this insol­
ubility. 
Previous findings with two-dimensional gel electrophoresis 
of total cell extracts or partially purified fractions containing 
vimentin or desmin show a staircase-type degradation pattern 
of decreasing isoelectric point (13, 21, 22). A specific protease 
(21; acts gradually at the NH2 terminus of vimentin, possibly 
at the arginine residues, and causes the split-off of basic pep­
tides (9). This explains the shift of degradation products of vi-
mentin towards the acidic side of the gel (see Fig. 3). The func­
tional significance of this protease activity is still unknown, but 
it may play a role in vimentin turnover (21). 
The coding region of the cDNA sequence is followed by the 
stop codon TAA and a noncoding region of 296 bp. The non-
coding 3' end did not show any poly(A) sequences nor the hexa-
nucleotide sequence A-A-T-A-A-A considered to be the signal 
involved in polyadenylylation (23, 24). At the 5' end, the cDNA 
insertions did not contain the start codon. As no data are avail­
able on the NHg-terminal amino acid sequence of vimentin, we 
can only estimate the number of missing residues from the re­
ported molecular weight of vimen tin (1, 25). By taking into con­
sideration the discrepancy of the reported molecular weights 
of vimentin, the number of residues missing is less than 5% of 
the primary structure. Meanwhile, we know from sequence data 
obtained from the isolated chromosomal vimentin gene that the 
only possible sites for the start codon are either positions — 3 
or —16, relative to the first amino acid residue shown in Fig. 
2 with some uncertainty remaining about codon 8 (unpublished 
data). From this data, a maximal molecular weight of 53,500 
can be calculated for the monomeric vimentin molecule. There­
fore, the percentage of missing amino acids is at most 3.5. 
Comparison of Amino Acid Sequences of Hamster and Por­
cine lens Vimentin. The amino acid sequence ranging from res­
idue 272 to 448 in Fig. 2 almost exactly fits the reported se­
quence of the 177 amino acids of the COOH terminus of porcine 
lens vimentin (11, 12). There are only two differences, most 
likely as a result of one-base substitutions, at positions 335 and 
445, where leucine and aspartic acid of hamster lens vimentin 
changed into valine and asparagine, respectively, in porcine lens 
vimentin. These observations provide evidence for the earlier 
proposed evolutionary conservation of vimentin (13). A similar 
phenomenon has been found for amino acid sequences of des­
min from different species (11). 
Secondary Structure Prediction. The predicted sequence of 
the protein was analyzed for the ability to form о helices or­
ganized in coiled coils. For this purpose we applied the heptade 
convention (Fig. 4), which showed its usefulness in the analysis 
of tropomyosin, keratins (19, 26, 27), and chicken desmin (9). 
The sequence of the vimentin polypeptide displayed distinct 
regions that could fit a helical configuration (seven residues per 
two turns) with the necessary alignment of apolar amino acids 
to form a hydrophobic backbone. The hydrophobic bands of 
three neighboring helix domains can link together, forming the 
three-stranded rope of the protofilamentous unit. The remain­
der of the helix surface is generally polar. 
Besides helical domains, two nonhelical regions could be dis­
tinguished: an NH2-terminal domain of at least 67 residues and 
a COOH-terminal region of 55 amino acids. If we look at the 
helix domain, we find two short interruptions at positions 131 
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FIG. 1. Restriction map and strategy for sequence determination of the inserts of plasmids pVim-l and pVim-2. The left and right sides of the 
restriction map correspond to position 3,612 of thePsi I site of pBR322. Restriction sites used for sequence determination are shown; arrows indicate 
the direction and extent of sequence analysis. The thick bars indicate the coding region, and the open boxes indicate the G-C tails introduced during 
the cloning procedure. 
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CCC CGG CAC CTC GAA CCG GCA GGC TCC AAC CGG AGC TAT GTG ACC ACG TCC ACC CGC ACC TAC AGC CTG GGG GCA CTG CGC CCC AGC ACC 
piw алд tui leu glu рчо aia. gty ¿ел tun алд ¿ел tyi val th\ tk\ i d tliA алд thi tij\ ¿ел leu gly ala leu алд pio ¿ел thi 
10 10 
180 
AGT CGC AGC CTC TAT TCC TCA TCT CCC GGT GGC GCC TAT GTG ACC CGA TCC TCT GCG GTG CGC CTG CGG AGC AGC ATG CCC GGC GTG AGG 
¿ел алд ¿ел leu tu\ ¿ел ¿ел ¿ел рло gty gty aia tui val tkn алд ¿ел ¿ел ata val алд teu алд ¿ел ¿ел met рло gty vai алд 
40 SO 
270 
CTG CTG CAG GAC TCG GTG GAC TTC TCG CTG GCC GAC GCC ATT AAC ACC GAG TTC AAG AAC ACC CGC ACC AAC GAG AAG GTA GAA CTG CAG 
leu leu gin алр ¿ел vai алр phe ¿ел teu aia алр aia ite ai и tlvt glu phe ly¿ алп Іііл алд tkn алп glu ly¿ val glu leu дія 
ТО ІО 
360 
GAG CTG AAT GAC CGC TTC GCC GAC TAC АТС GAC AAG GTG CGC TTC СТА GAG CAG CAG AAC AAA АТС CTG СТА GCC GAG CTC GAG CAA CTC 
glu leu алп алр ол^ phe aia алр tyi ite алр ly¿ vai алд phe teu glu gin gin алп ty¿ ile leu leu aia gtu teu glu дія teu 
100 MO 
450 
AAG GGT CAG GGC AAG TCG CGC CTG GGC GAC CTC TAT GAG GAG GAG ATG CGG GAG CTG CGC CGG CAG GTG GAT CAG CTC ACC AAC GAC AAG 
tu¿ gty gin gty ly¿ ¿ел алд leu gly алр leu tui glu glu gtu met алд gtu leu алд алд gin vai алр gin teu tivi a¿n a¿p ty¿ 
HO 140 
МО 
GCA CGC GTC GAG GTG GAG CGT GAC AAC СТА GCT GAG GAC АТС ATA CGG CTG CGA GAA AAA TTG CAG GAG GAG ATG CTC CAG AGA GAG GAA 
aia алд vai gtu vai gtu алд алр алп teu ata gtu алр tie ііг алд teu алд gtu Іул teu gin gtu gtu mei teu дія алд gtu gtu 
ПО no 
6 3 0 
GCG GAG AGC ACC CTG CAG ТСС П С AGA CAG GAT GTT GAC AAT GCC TCT CTG GCA CGC CTC GAC CTT GAA CGT AAA GTG GAA ТСС П С CAA 
aia gtu ¿ел іМл teu діл ¿ел plie алд gin алр vai алр алп ata ¿ел leu aia алд teu алр leu gtu алд ly¿ vai alu ¿ел teu gin 
IM МО 
720 
GAA GAG Α Π GCC TTT П С AAG AAA CTG CAT CAT GAA GAG АТС CAG GAG СТА CAG GCC CAG А П CAG GAG CAA CAT GTC CAG А П GAC GTG 
gtu gtu *tt. aia phe ttu Іул ty¿ ttu Ku алр gtu gtu Ait gin gtu teu gtn aia gin *tt gOi gtu gin ku vai gin tjjt алр vai 
110 730 
810 
6AT С П TCT AAG CCC GAC CTC ACT GCT GCC CTG CGC GAT GTC CGC CAG CAG TAT GAA AGT GTG GCT GCC AAG AAC CTC CAG CAG GCG GAG 
алр vai 4ел ly¿ рло алр ttu ікл aia aia ttu алд алр vai алд gtn gtn іул glu ¿ел vai aia ata ly¿ алп leu gtn gtu aia gtu 
tu lit 
900 
GAA TGG TAC AAG TCC AAG H T GCC GAC CTC TCT GAA GCT GCC AAC CGG AAC AAT CAT GCC CTG CGC CAG GCA AAG CAG GAG TCA AAT GAG 
glu ftp іул Іул ¿ел Іул phe ata алр ttu ¿ел gtu aia aia алп алд алл алп алр aia leu алд gtn ata lui gtn gtu ІІЛ алп gtu 
ISO МО 
990 
TAC CGG AGA CAG GTG CAG TCA CTC ACC TCC GAA GTG GAC GCA CTT AAA GCA ACT AAT GAG TCT CTG GAA CGC CAG ATG CGT GAG ATG GAA 
(ул алд алд gtn vai gin ¿ІЛ ttu tM au glu vai алр aia leu ly¿ gly tlw. atti gtu ¿ел teu gtu алд gtn net алд gtu mtX gtu 
%' 
го 1080 
GAG AAT Т П GCC С П GAA GCT GCT AAC TAC CAA GAC ACT ATT GGC CGC CTG CAG GAT GAG ATT CAG AAC ATG AAG GAA GAG ATG GCT CGT 
gtu алп phe ata leu glu aia aia алп tu*- діл алр th*. lit gty алд leu gin алр gtu tie. gtn алп nei Іул gtu gtu mtt aia алд 
340 ISO 
1170 
CAC CTT CGT GAA TAC CAA GAC CTG CTC AAT GTC AAG ATG GCT CTT GAC ATT GAG ATA GCC ACC TAC AGG AAG СТА CTG GAA GGC GAG GAG 
(vos leu алд gtu іул gtn алр leu ttu алп vai Іул meX aia leu алр *ie glu ite aia th\ tyn. алд Іул leu leu glu gly glu glu 
370 HO 
1260 
AGC AGG А П TCT CTG CCT CTT CCC AAC П Т TCT TCC CTG AAC CTG AGA GAA ACT AAT CTG GAG TCA CTC CCT CTG G H GAC ACC CAC TCA 
¿ел алд ite лел leu рло leu рло алп phe ¿ел ¿ел leu a¿n lea алд gtu th\ алп leu gtu ¿ел teu рло teu vat алр ¿ht h u ¿ел 
400 410 
1350 
AAA AGA АСА CTC CTG Α Π AAG АСА GTG GAA ACT AGG GAT GGA CAG GTG АТС AAT GAA ACC TCT CAG CAT CAT GAT GAC CTT GAA TAA AAA 
ty¿ алд thi leu leu ile ty¿ th* vai gtu ¿Ііл алд a¿p gly gtn vai ite алп gtu ϋτΛ ¿ел gtn ha ha алр алр leu gtu 
430 440 
1450 
HGCACATAC TCTGTGCAAC AACGCAGTCC AGCAAGAAGA AAAAAAAGAA AHCGTATCT TAAGGAAACA GCHTCAAGT GCCHTACTG CAGHTTTCA 
ISSO 
GGAGCGCAAG TAAGATTTGG GATAGAAATA AGCTCTAGTT TCTAACAACT GACACCCTAA AAGATTTAGA AAAGGTTTAC AACACAATCT AGTTTACGAA 
GAAATCTTGT G C T A G A A T A C TTTTCAAAGT ATTTTGAATA CCATTAAACG CTTTCCCAGT ATACGACCAA CTGACGCTTA ТА 
FlG 2 Complete combined nucleotide sequence of the inserts of pVim-1 and pVim-2 and the predicted amino acid sequence of hamster lens 
vimentin 
and 344 and a more pronounced one of about 45 amino acids, 
between residues 217 and 263, with the "helix breaker" pro-
hne These results are similar to the domain structure found by 
chymotryptic cleavage of chicken desmm (9) Apart from the 
application of the heptade convention, we used the rules for 
secondary structure prediction according to Chou and Fasman 
(20) (data not shown) and estimated the length of helical and 
nonhehcal domains a non-a-hehcal COOH-terminal domain of 
55 residues, two hel ices of 145 and 135 residues, respectively, 
separated by a nonhehcal insertion of 45 amino acids, and a 
nonhehcal NHz-terminal domain of at least 68 residues 
The short interruption found in each helix-domain (at po­
sitions 131 and 344) are required to let the hydrophobic back­
bone run down in a straight manner The ammo acids around 
these interruptions possibly form a loop outside the helix, as 
was previously proposed for the three-stranded rope of influ-
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FIG 3 Autoradiograph of translation products derived from mRNA 
hybridizing to pVim 1(13) Arrow, vimentm, arrowheads, direction of 
electrophoretic migration under isoelectrofocusing (IEF) and in the 
presence of NaDodSO^ respectively A ladder of breakdown products 
towards the acidic side of the gel can be seen, possibly as a result of the 
action of a specific protease (21) at the argirune-nch ННг-Іегпипа] part 
enza hemagglutinine (28) and for desmin (9) Such a loop struc­
ture would be exposed to the environment and is a possible site 
for an antigenic determinant Following the method for locating 
protein antigenic determinants by analyzing amino acid se­
quences in order to find the point of greatest local hvdrophihci-
ty (29), we found an antigenic determinant around the inter­
ruption of the NHj-terminal helix domain (data not shown) This 
may support the suggestion of a loop structure at the inter­
ruption positions 
Comparison of the Structures of Hamster Vimentin and 
Chicken Desmin. Nonhelwal \H2-term1nal domain The NH2-
terminal domains of vimentm and desmin show little similarity 
at the sequence level of the amino acids (Fig 5) The residues 
67-74 of vimentm, which are all homologous to residues 81-88 
of chicken desmin, constitute a notable exception These res­
idues of vimentm form the first turns of the helical domain 
Obviously the homology between vimentm and desmin starts 
at the position where the nonhehcal domain changes into the 
helical configuration The amino acid composition, however, of 
the nonhehcal NHa-terminal domain is verv striking and has 
great resemblance with the composition of the 7 5-kDa domain 
of chicken desmin In the NH2-terminal region of vimentm, 
common amino acids like aspartic acid, isoleucine, lysine, his-
tidine, and leucine are missing or appear just once, but this re­
gion is very neh in serine, threonine, and arginine (25%, 11%, 
and 14 5%, respectively) just like the 7 5 kDa headpiece of 
chicken desmin (24 6%, 14 5%, and 14 5%, respectively) The 
NH2-tenninaI region of vimentm contains only one acidic res­
idue and, because of the presence of eight arginine residues, 
it is very basic The same holds true for the NHa-terminal do­
main of chicken desmin, which contains 10 arginine residues 
Perhaps the amino acid composition and the basic character are 
more important for the function and properties of the NH2 ter­
minus [for example the weak affinity of vimentm to nbosomes 
and RNA (9, 30)] than is the sequence of the amino acids The 
low degree of sequence homology between the nonhehcal 
headpiece of hamster vimentm and chicken desmin is in con­
trast with the 66% homology of the COOH-terminal 200 res­
idues (refs 9, 11, and 12 and this studv) 
COOU-termmal domain The last 55 residues at the COOH 
terminus of hamster vimentm form a nonhehcal tailpiece This 
domain has about the same length as the nonhehcal COOH-ter-
minal part of chicken desmin, but the homology at the se­
quence level is only 427c instead of the 66% homology between 
vimentm and desmin (9, 11, 12) 
The helical domain Two domains of almost similar size (145 
and 130 residues) could easily fit an α-helical arrangement ac­
cording to the heptade convention with a nonhehcal insertion 
of 46 amino acids As mentioned before, there are two inter­
ruptions, one in each helix domain, around positions 131 and 
344, the latter occurring at the same position as in the helix 
region of chicken desmin (9) In view of the domain structure 
of vimentm, partitularlv the two helical domains we searched 
for duplications in the nucleotide or ammo acid sequence using 
the matrix method of Gibbs and Mclntvre (31) However, be­
cause no duplications could be detected we must conclude that 
the domain-structure is not the result of a duplication at the 
genomic level 
го 
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FIG 4 Amino acid sequence of vimentin drawn in a helical net with 3 5 residues per tum Nonpolar amino acids [alanine (A), valine (V), me-
thionine (M), isoleucine (I), leucine (L), tyrosine (Y), phenylalanine (F), and tryptophan (W)] are encircled Note that these hydrophobic residues 
are aligned in a major part of the polypeptide Proposed helical regions are shaded and indicated by zig-zag lines The helical arrangement is probably 
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distinct helical domains can be distinguished separated by a nonhehcal proline (P)-containing région of about 45 amino acids 
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FlG 5 Companeon of the amino acid sequences of the NHj-terminal domains of hamster vimentin (HV) and chicken desmin (CD) (9) Identical 
residues in vimentin and desmin are placed in boxes Sequence homology appears clearly from position 67 (in this figure) This is the site where 
the helical configuration starts in the vimentin polypeptide Note the striking abundance of serine, arginine, and threonine residues in the non­
homologous part of both proteins 
Previous expenments with the isolated a-hehcal 38-kDa do­
main of chicken desmin (9) have shown the ability of this part 
of the polypeptide chain to form higher aggregates and long 
twisted ribbons with a variable diameter (10-20 nm), indicating 
that this helical part plavs an important role in 10-nm filament 
formation Another argument for the important role of the he­
lical part is the fact that there is a sequence homology of more 
than 80% between the helix domain of hamster vimentin and 
the known part of chicken desmin On the other hand, the 
COOH-terminal regions of vimentin and desmin show only 42% 
homology and the NH2-terminal domains have no significant 
homology at all at the sequence level Probably evolutionary 
conservation of the primary structure of the helical part of the 
I F proteins is important for filament formation Our findings of 
the similarity of the topographical models of vimentin and des­
min explains the ability of vimentin to copolymenze with des­
min (32) 
C O N C L U D I N G REMARKS 
Our model of the vimentin molecule derived from the primary 
structure shows two distinct regions that fit a helical confor­
mation The helical arrangement is stabilized by salt bridges 
between basic (lysine and arginine) and acidic (glutamic acid 
and aspartic acid) residues (Fig 4) 
Moreover, we postulated an antigenic determinant in the NH2-
terminal α-helical domain at the position with the highest hy-
drophilicity The primary structure of that part of other IF pro­
teins is still unknown It may well be possible that differences 
in the structure of that part of I F proteins are responsible for 
the differences in immunological properties 
The meaning of the basic character of the К Н
г
 terminus of 
vimentin is not quite clear yet Because both vimentin and des­
min conserve the same composition of amino acids and the same 
distribution of basic residues, it might be a necessary feature, 
probably for all I F proteins The NHa-terminal part could play 
a role in the attachment to the membrane, for it displays a more 
hydrophobic character than the rest of the molecule, or it may 
be involved in the head-to-tail aggregabon of IF proteins as long 
filaments In this context it is noteworthy that the COOH ter­
minus of vimentin contains an excess of acidic residues 
Note Added in Proof. After submission of this paper, the amino acid 
sequence of desmin was reported (33) 
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SUMMARY 
The water-soluble proteins of the vertebrate eye 
lens, the crystallins, represent favorable markers 
for the study of molecular evolution, aging and 
cellular differentiation. In mammals the crystal­
lins are divided into three classes: a-, $- and Y-
crystallin. Much is known about the structure, 
subunlt composition and biosynthesis of these pro­
teins. 
The onset of recombinant DNA techniques such as 
the cloning of cDNAs and genomic DNA moved a major 
point of lens research to the organization and re­
gulation at the gene level. Combining the results 
of protein and DNA studies made It possible to re­
late protein structure and gene organization. The 
β- and Ύ-crystallins are a superfamily of related 
proteins, which consist of four similar protein 
motifs that are encoded by distinct exons. 
At this very moment several genes of each cry­
stallln class have been characterized and the stu­
dies are now focused on the regulation of the 
tissue-specific expression of the crystallln genes. 
Our contribution to lens research is the cloning 
and sequencing of cDNAs of the bovine lens (Chapter 
II and IV) and of the hamster aB gene (Chapter IV). 
We Isolated cDNA clones of five different β-
crystallins and the two o-crystalllns. The DNA se­
quence of three ß-crystallins (ßBI, SAI+A3 and ßs) 
has been determined and therefrom the primary 
structure of the corresponding proteins was 
derived. We found a "simple" repetitive DNA se-
quence that codes for the proline/alanine rich 
domain in the N-terminal extension of the ßBI 
chain. The β subunits Al and A3 seem to be encoded 
by the same mRNA. From our sequence studies of the 
ßs chain we could conclude that this crystallln as 
far as structure is concerned stands between the 
ß's and Y's (Chapter III), ß-crystallins have an 
N-terrainal arm, which seems to be required for dl-
mer formation whereas Ύ-crystallins lack such ex­
tension and therefore are monomeric. We found that 
the N-terminal extension of ßs is very short, which 
may explain the monomeric form of this β chain. 
The specific cDNA clones have been used to study 
the evolution of the crystallln genes of the blind 
mammals mole and mole rat (Chapter V). DNA hybridi­
zation experiments revealed that the crystallln 
genes of these animals, despite the absence of evo­
lutionary selective pressure for 25 to 45 million 
years, show a high degree of homology with the 
genes of related species with normal eyes. Immu­
nofluorescence studies with specific polyclonal an­
tibodies against the different classes of crystal­
lins on sections of the rudimentary eyes of mole 
and mole rat showed that the genes for these lens 
proteins are expressed in a normal way in these 
blind species. Therefore, other functions for the 
crystallins than contribution to transparency and 
refractive power of the lens cannot be excluded. 
The bovine aB cDNA clone was used to select a 
recombinant Charon phage clone out of a hamster 
genomic library, that contained the total aB gene 
(Chapter IV). This gene has been characterized in 
detail and compared with the hamster aA gene. Both 
genes have been derived from a common ancestral 
gene by duplication (about 500 million years ago) 
and their products aA2 and aB2 still show 57Ϊ 
homology. We found that the exon/intron pattern of 
both genes Is identical except for the extra exon 
in the aA gene which encodes the insert peptide in 
the aAIns chain and is absent in the aB gene. 
Chromosome-mapping revealed that the a-
crystallin genes are not linked any more on one 
chromosome. The aA gene is located on the human 
chromosome 21. 
Of the water-insoluble but urea-soluble lens 
proteins (cytoskeletal) the component that makes up 
the "intermediate filament" (IF) cytoskeleton of 
the lens, vimentln, was studied in detail (Chapter 
VI). The DNA sequence of a hamster vimentin cDNA 
clone was determined, from which the primary struc­
ture of the protein has been derived. Secondary 
structure predictions were made using computer pro­
grams. Our model of vimentln was suitable for 
model-building of other IF proteins: two constant 
a
_hellcal domains equal in length are separated by 
a non-helical domain with a variable size for the 
different IF proteins. 
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SAMENVATTING 
De wateroplosbare eiwitten uit de ooglens, de 
crystallines, zijn erg geschikt voor het bestuderen 
van ouderdomsprocessen, cellulaire differentiatie 
en moleculaire evolutie. Veel is dan ook al bekend 
over de eiwitstructuur, aubeenheldsamenstelling en 
biosynthese van de crystallines. BIJ zoogdieren 
kunnen deze lensspecifieke eiwitten verdeeld worden 
in drie groepen: α-, β- en Y-crystallines. 
Met de opkomst van recombinant DNA technieken, 
zoals het kloneren van cDNAs en genoom DNA, kwam er 
een verschuiving in het crystalllne-onderzoek, naar 
het niveau van mRNA-structuur en gen-organisatie en 
regulatie. Door combinatie van eiwit- en DNA-
studles werd het mogelijk om de organisatie op 
genniveau (exon/lntron structuur) te relateren aan 
de opbouw van het eiwit. 8" en Y-crystallines zijn 
opgebouwd uit vier gelijkvormige gebieden 
(motieven), die ontstaan zijn door 2 Interne 
genduplicaties. Ieder eiwitmotief bleek nu, bij de 
(j-crystallines, gecodeerd te worden door een apart 
exon. 
Op dit moment zijn van iedere groep crystallines 
al verschillende genstructuren opgehelderd en het 
onderzoek richt zich nu op de regulatie van de 
weefselspecifieke expressie van de crystallines. 
Ons aandeel in het onderzoek aan ooglenseiwitten 
bestaat uit de klonering van cDNAs uit de ooglens 
van het kalf (Hoofdstuk II en IV). Uit deze cDNA 
bank konden we klonen isoleren van vijf 
verschillende ß-crystallines en de twee a-
crystalllnes. De DNA-sequentie van 3 ß cDNA klonen 
(SB1, 0A1+A3 en 0s) Is bepaald en de primaire 
structuur van de eiwitten eruit afgeleid. Een 
eenvoudige repeterende DNA sequentie codeert voor 
de proline/alanine-rijke regio in de N-terminale 
"arm" van de BBI eiwitketen. De BAI- en ßA3-
subeenheden lijken gecodeerd te worden door 
hetzelfde mRNA. 
Aan de hand van onze sequentie-studies van ßs-
crystalline konden we concluderen dat ßs qua 
structuur tussen de β- en Y-crystallines in staat 
(Hoofdstuk III). ß-crystallines kunnen door middel 
van hun N-termlnale extensie aggregaten vormen. 
Y-crystalllnes die zo'n N-terminale narmn missen 
zijn monomeer. De monomere vorm van ßs kan nu 
verklaard worden door de zeer korte extensie aan de 
N-termlnus (U aminozuren), die waarschijnlijk te 
kort is om aggregaten te vormen. De specifieke 
cDNA-klonen werden gebruikt om de evolutie van 
crystalline-genen te bestuderen in de blinde 
zoogdieren mol en molrat (Hoofdstuk V). Uit DNA-
hybridlsatie-studies kon afgeleid worden, dat de 
crystalline-genen van deze dieren ondanks het 
wegvallen van de selectledruk 25 tot 45 miljoen 
Jaar geleden, nog grote homologie vertonen met de 
genen van verwante diersoorten met normale ogen. 
Immunofluorescentie-studies met specifieke 
polyklonale antilichamen tegen de verschillende 
klassen van crystallines op microscopische coupes 
van de rudimentaire oogjes van mol en molrat 
toonden aan, dat deze lenseiwitten op een normale 
manier tot expressie komen in deze blinde soorten. 
Daaruit zou geconcludeerd kunnen worden, dat de 
crystallines nog andere functies vervullen, die 
niet te maken hebben met de lichtbreking en 
transparantie van de lens. 
Met de cDNA-kloon van aB werd een recombinant 
kloon uit een hamster-genoombank opgepikt, die het 
totale aB gen bevatte. De structuur en de coderende 
sequentie van dit gen werden opgehelderd (Hoofdstuk 
IV) en vergeleken met het al bekende aA-gen van de 
hamster. De exon/lntron organisatie van belde 
genen, die door genduplicatie ontstaan zijn, is 
bijna identiek (met uitzondering van het extra exon 
In het aA-gen, dat codeert voor het insert-peptide 
in de oAIns eiwitketen). Door middel van 
chromosoommapping werd gevonden, dat de homologe 
α-genen bij de mens niet meer op hetzelfde 
chromosoom liggen. Het aA gen werd gemapt op 
chromosoom 21. 
Van de water-onoplosbare lenseiwitten 
(cytoskeletalre eiwitten en membraan eiwitten) werd 
de component die het intermediaire filament (IF) 
cytoskelet vormt, vimentine, nader bestudeerd. De 
DNA-sequentle van een cDNA kloon werd bepaald en 
daarvan werd de primaire en secundaire structuur 
van het eiwit met behulp van computerprogramma's 
afgeleid (Hoofdstuk VI). Het eiwitmodel van 
vimentine bleek goed toepasbaar te zijn voor de 
andere IF eiwitten. Twee α helix-gebieden die in 
dezelfde grootteorde liggen bij alle IF eiwitten, 
worden gescheiden door een eiwitdomein, dat zeer 
variabel is in lengte bij de verschillende IF 
componenten. 
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